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Preface

Environmental Health Perspectives
Vol. 53, p. 1,1983

The United States Environmental ProtectionAgency (U.S. EPA) has been concerned about thequestion of possible adverse health effects of as-bestos fibers in drinking waters since the early1970s. A number of research projects were initi-ated in epidemiology, toxicology, in vitro testing,
engineering, and other areas to investigate asmany aspects of this question as possible. OnOctober 13 and 14,1982, a workshop was held atthe U.S. EPA Breidenbach Environmental Re*search Center in Cincinnati to summarize whathad been learned from the work sponsored oningested asbestos. The papers included in theseproceedings consist of reviews performed byAgency personnel or contractors and presenta-
tions of the unpublished results of U.S. EPA spon-sored projects. Two papers presented by the De-partment of National Health and Welfare,Ottawa, Ontario, Canada are also included. The
primary focus of the workshop was to presentscientific summaries and identify possible areaswhere further investigation might be useful. In
general, policy issues were not discussed.These proceedings have been subjected to the

peer and policy review system of the U.S. EPAand approved for publication. The views and poli-
cies presented are those of the individual authorsand do not necessarily reflect those of the U.S.
EPA.
Each technical paper had the appraisal of at

least two reviewers. The comments of the follow-ing researchers who served as reviewers are
gratefully acknowledged: K. Adler, A. Bender, E.Boatman, D. Coffin, L. Condie, G. Craun, A.Dean, M. Dourson, L. Erdreich, P. Gartside, D.Greathouse, W. Hallenbeck, R. Hertzberg, I. Hig-gins, M. Kanarek, G. Kinneyer, G. Logsdon,
L. McCabe, P. McCauley, W. Meigs, L. Palekar,Y. Patel, L. Polissar, W. Smith, C. Sonich,R. Stevens, and J. Symons. S. Marshall of the
Dynamac Corporation, Rockville, MD, is grate-fully acknowledged for her support in organizingthe conference and proceedings.

JAMES R. MDLLETTE
Health Effects Research Laboratory
UJS. EPA
Cincinnati, OH 45268
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The United States Environmental Protection
Agency (U.S. EPA) has been concerned about the
question of possible adverse health effects of as-
bestos fibers in drinking waters since the early
1970s. A number of research projects were initi-ated in epidemiology, toxicology, in vitro testing,
engineering, and other areas to investigate as
many aspects of this question as possible. On
October 13 and 14,1982, a workshop was held at
the UJS. EPA Breidenbach Environmental Re*search Center in Cincinnati to summarise what
had been learned from the work sponsored on
ingested asbestos. The papers included in these
proceedings consist of reviews performed by
Agency personnel or contractors and presenta-
tions of the unpublished results of U.S. EPA spon-
sored projects. Two papers presented by the De-
partment of National Health and Welfare,Ottawa, Ontario, Canada are also included. The
primary focus of the workshop was to present
scientific summaries and identify possible areas
where further investigation might be useful. In
general, policy issues were not discussed.
These proceedings have been subjected to the

peer and policy review system of the U.S. EPA
and approved for publication. The views and poli-
cies presented are those of the individual authors
and do not necessarily reflect those of the U.S.
EPA.
Each technical paper had the appraisal of atleast two reviewers. The comments of the follow-

ing researchers who served as reviewers are
gratefully acknowledged: K. Adler, A. Bender, E.
Boatman, D. Coffin, L. Condie, G. Craun, A.Dean, M. Dourson, L. Erdreich, P. Gartside, D.
Greathouse, W. Hallenbeck, R. Hertzberg, L Hig-
gins, M. Kanarek, G. Kirmeyer, G. Logsdon,
L. McCabe, P. McCauley, W. Meigs, L. Palekar,
Y. Patel, L. Polissar, W. Smith, C. Sonich,
R. Stevens, and J. Symons. S. Marshall of the
Dynamac Corporation, Rockville, MD, is grate-
fully acknowledged for her support in organizing
the conference and proceedings.

JAMES R. MILLETTE
Health Effects Research Laboratory
US. EPA
Cincinnati, OH 45268
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Review of Published Studies of OrallyAdministered Asbestos
by Lyman W. Condie*

There has been great public concern about the adverse health effects resulting from the
presence of asbestos fibers in municipal drinking water supplies. This article reviews andsummarizes the experimental findings of 11 published papers that have evaluated thecarcinogenic potential of asbestos following its ingestion. The long-term, high-levelingestion of various types of asbestos fibers in more than one animal species failed toproduce any definite, reproducible, organ-specific carcinogenic effect.

Introduction
Prolonged industrial human exposure to asbes-

tos has been associated with an increase in the
incidence of certain forms of cancer. The relation-
ship between inhaled asbestos and mesothe-
liomas of the pleura and peritoneum or pulmo-nary carcinoma is particularly strong; other
cancers have also been implicated from inhaled
asbestos (1-3). In order to explain why cancer
may occur at remote sites following the inhala-
tion of asbestos, it has been suggested that the
asbestos fibers that are cleared from the lungs are
swallowed and subsequently migrate through the
gastrointestinal wall to the peritoneum where
cancer may be initiated.Originally the question of pathogenicity from
asbestos exposure had relevance only to people
occupationally exposed, but the discovery of am-
phibole fibers in municipal water supplies (4)
indicated that asbestos was more widely dis-
persed through the environment than once be-
lieved. Asbestos from natural sources, as well as
from mining activities, has been shown to con-
taminate bodies of water that are used as sources
of drinking water. Asbestos fibers have been de-tected in commercial beverages, possibly result-
ing from the use of asbestos filters. The extensive
use of asbestos cement pipe in municipal water
systems has concerned officials of the U.S. Envi-
ronmental Protection Agency. This paper summa-

•"larget Organ Tbxicology Branch, Toxicology and Microbi-
ology Division, Health Effects Research Laboratory, U.S.
EPA, Cincinnati, OH 45268.

rizes the various published asbestos ingestion
studies that have attempted to answer the ques-
tion of whether or not ingested asbestos is a
health hazard. Other relevant topics such as gas-
trointestinal penetration by asbestos, the pres-
ence of asbestos in municipal drinking water sup-
plies, and epidemiologic studies will be presented
in subsequent papers of this workshop. The de-
tails of all but one of the cited experimental
studies are summarized in Table 1.

Results of Published Studies
An abstract by Bonser and Clayson (5) initially

reported experimental findings from an ingestion
study. Asbestos was administered to Sprague-
Dawley rats in their feed at a level of 0.15%. No
malignant tumors were observed in the exposed
animals, which may have been due to the low
level of asbestos administered. The high mortal-
ity of the rats due to pulmonary infection seri-
ously compromised the study.

Webster reported the only study conducted with
primates (6*). Because of lack of experimental
detail, the findings of this article were omitted
from Table 1. An unreported number of baboons
were exposed to "heavy" concentrations of asbes-
tos in food and drinking water for up to 5 yr.
There was no evidence of any peritoneal or gas-
trointestinal tumors. The 5-yr exposure time ap-
pears too short for the carcinogenesis process to
occur if the time element of the baboon's reaction
to asbestos is similar to that of a human.
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Table 1. Summary of asbestos ingeation studies.

Study
Bonser(5)

Gross (7)

Gibel(S)

rimninftl.il

TestSpecies material
Rat Crocidolite

Control
Rat Chrysotile

Control
Chrysotile
Crocidolite
Crocidolite
Control

Crocidolite(2 sources)
Control

Rat Chrysotile

Talc
Control

m(9) Rat Chrysotile

Control
Chrysotile

Control

Dos*
0.15%
in dietadlibUum
0
5%indict
ad libitum
0
lOmg/wk
5mg/wk

lOmg/wk
0

lOmg/wk

0
20mg/day

20mg/day
0
1%
indict
ad libitum

0
1%
indict
ad libitum

0

Exposuretime
To78wk

0
21 mo.

0
16 wk
16 wk
16 wk
0

18 wk

0
Life

Life
0
To 24 mo.

0
To 24 mo.

0

Study
duration

To 78 wk

To86wk
21 mo.

21 mo.
Tol.5yr
ToLSyr
To 1.5 yr
Tol.5yr

To 1.5 yr

To 1.5 yr
441"

649"
702*
To 24 mo.

To 24 mo.
To 30 mo.

To 30 mo.

Number of
Initial/Examined

40/12

65725
10/10

5/5
31/31
33/33
34/34
24/24

63/63

24/24
60/42

50/45
50/49
10/7

10/8
40/36

40/32

Malignant tumors
Number

0

1
0

0
2
0
1
5

0

0
12

3
2
6

1
11

11

Location

Liver

Breast

Node
3 BreastThigh
Node

Lung
4 Kidney3 Node4 Liver
Liver
Liver
BrainPituitaryNode2 Kidney
Peritoneum
Peritoneum
2 Thyroid
ThyroidLiverChcmodscton
jugular bodyColonDeiim
Adrenal2 NodeBone
Thyroid
Liver
2 AdrenalKidneyNode5 Fat

Type-

S

C

L
CSL

CCLC
C
C
SCLCS
S
CSCin
CS
CLS
CCCCLS
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Table 1. Summary of asbestos ingestion studies (continued).

Study
Wagner (10)

Smith (11)

Donham (121

Ward (13)

TestSpecies material
Rat Chrysotile

Talc

Control
Hamster Amoaite

Amosite

Amosite

Taconite
tailings

Taconite
tailings

Taconite
tailings

Control
Rat Chrysotile

Celluloee fiber

Control
Rat Azoxymethane*

Azozymethane
plus amosite

Azorymethane
plus chrysotile

Dose
lOOmg/day

lOOmg/day

0
0.5mg/L
ad libitum
5mg/L
ad libitum

50mg/L
ad libitum

0.5mg/L
ad libitum

5mg/L
ad libitum

50mg/L
ad libitum
0
10%
indict
ad libitum
10%
in diet
ad libitum
0
7.4 mg/kg wk

7.4 mg/kg wk
10 mg 3/wk
7.4 mg/kg wk
10 mg 3/wk

Exposure
time

101 days/
5 mo.

101 days/
5 mo.
0
To 23 mo.

To 23 mo.

To 23 mo.

To 23 mo.

To 23 mo.

To 23 mo.

0
To 32 mo.

To 32 mo.

0
10 wk

10 wk

10 wk

Study
duration
619"

614k

641k

To 23 mo.

To 23 mo.

To 23 mo.

To 23 mo.

To 23 mo.

To 23 mo.

To 23 mo.
To 32 mo.

To 32 mo.

To 32 mo.
34 wk

34 wk

34 wk

Number of
flnimal«|

Initial/
Examined
32/32

32/32

16/16
60/60

60/60

60/60

60/60

60/60

60/60

120/120
240/189

242/197

121/115
21/21

21/18

21/21

Malignant tumors
Number

3

3

0
1

3

0

1

0

0

1
4

2

3
12

10

10

Location
Node
Stomach
Uterus
2 Uterus
Stomach

Lung

2 Stomach
Peritoneal
mesothelioma

Uterus

Node
3 Colon
Abdominal
mesothelioma
Colon

Colon
SDeum
7 Colon
3 Ream
7 Colon
4Heum
6 Colon

Type-
L
S
S
S
S

C

C

S

L
C

C

C
C
C
C
C
C
C
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Table 1. Summary of asbestos ingestion studies (continued).

TestStudy Species material
Ward (13) Rat Amosita

Chrysotile
Saline

Untreated
Aroxyme thane

Azoryme thane
plus amoeite

Saline
plus amoaite

Hiding (14) Rat Filtered Duluth
tapwater

Unfiltered
Duluth
tapwater

Lake Superior
water
sediment

Taconite
tailings

Chrysotile/
amocite

Amosita
Diatomaceous
earth

Dose
10 mg 3/wk
10 mg 3/wk
1.0 mL 3/wk
(gavage)
—
7.4 mg/kg wk

7.4 mg/kg wk
10 mg 3/wk
1/wk (SC)
10 mg 3/wk
lmfl<
ad libitum

100 mfl
ad libitum

5,000 mfl
ad libitum

100,000 mfl
ad libitum

20mg/day

300mg/day
20mg/day

Exposuretime
10 wk
10 wk
10 wk

0
10 wk

10 wk

10 wk

690>

960*

840*

870»

870*

750»
840»

Studyduration
34 wk
34 wk
34 wk

34 wk
To95wk

To 95 wk

To 95 wk

690*

960"

840

870»

870»

750*
840*

Number of
fttiimfll^
Initial/

Examined
21/21
21721
21/21

21/21
50/48

50/48

50/49

28/27

30/28

22/22

30/30

30/30

20/20
30/30

Malignant tumors
Number Location

0
0
0

0
39 12 Oeum

27 Colon
44 ISHeum

29 Colon
17 Deum

16 Colon
3 Lung

Ovary
Fores tomach

4 Salivary gland
Skin
Uterus
Mediastinum

3 Lung
Skin
Uterus

3 Neck
Chest wall
Mediastinum

Type-

CC
C
C
C
C
C
C
C

C
C
3
L
C
C
S

s
S
L

6 Breast C
2 fibrous histio-
cytoma
Skin CM îff îmin* L
Pleura! meso-
thelioma

1 Leukemia
5 Salivary gland

2 Uterus
Skin
Peritoneal
mesothelioma

C
S
C
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Table 1. Summary of asbestos ingestion studies (continued).

Number of
Test

Study Species material
Bolton (75) Rat Amodte

Crocidolite
Chryaotile

Margarine
control

Control

ExposureDose time
250 mg/wk 25 mo. .
250 mg/wk 25 mo.
250 mg/wk 25 mo.

0 0

0 0

Study
duration
Life
Life
Life

Life

Life

Initial/
Examined
24/24
22/22
22/22

24/24

23/23

Number
1
1
5

4

2

Malignant tumors
Location Type*

Stomach S
Adrenal C
Fat S
Pleura! histio-
cytoma,
2 Adrenal C
Plasma cell
tumor

2 Adrenal C
Bladder C
Peritoneum S
Fat

•Type C - rarrinoma; S - sarcoma; L - lymphoma.bMean survival time in days.
cAzoxymetbane given subcutaneously; saline administered by oral gavage or subcutaneously.
dmfl - million amphibole fibers/1,

The results of a series of feeding experiments
with different sources of chrysotile and crocidolite
were reported by Gross et al. (7). This paper
incorporated data from unpublished results of
various studies conducted by three laboratories.
Animals fed asbestos by gavage in butter or mar-
garine for up to 21 months failed to provide evi-
dence of a carcinogenic effect. The experiments
were flawed for the following reasons: the number
of rats in the experimental groups was small, the
doses of asbestos were limited, significant infor-
mation on experimental protocol was missing,
and systematic histologic examination was not
performed on a significant number of rats.

A study by Gibel et al. (8) was undertaken to
feed asbestos filter material to rats because of the
concern of the possible adverse health effects of
erosion of asbestos from the filters used to purify
commercial beverages. The filter material was
composed of sulfated cellulose, a condensation
resin and chrysotile asbestos (53%). The authors
did not provide any information regarding the
size and shape of the asbestos fibers that were
incorporated into the filter material. Although 12
malignant tumors were noted in the asbestos-
exposed group of rats and the mean survival time
was decreased in the asbestos-treated group, the
authors stated that no conclusions could be made
from their test results regarding the pathogenesis
of the tumors caused by the oral intake of asbes-

tos material. The relationship of this study to
asbestos carcinogenicity was also confounded by
the presence of several substances in the filter
material, which were not clearly identified.
Cunningham and co-workers (9) conducted two

limited feeding studies with male Wistar rats.
Chrysotile asbestos (1% with 5% corn oil) was
added to rat chow and fed to the animals for 24
months or 30 months. In the first study, 10 rats
were exposed to asbestos. Six of the seven ratsautopsied were found to have tumors, while only
one malignancy was observed in the control ani-mals. In the larger study of 80 animate, equal
numbers of malignant tumors were noted in the
exposed and the control groups. The authors
stated that trace amounts of asbestos can pene-
trate the walls of the gastrointestinal tract, but
evidence that asbestos causes cancer by the oral
route of administration was inconclusive.

Wagner et al. (10) fed 32 Wistar rats 100 mg/
day of chrysotile or talc in malted milk for 101
days over a 5-month period. A slight decrease in
survival time was observed in the two experimen-
tal groups. One gastric leiomyosarcoma was de-
tected in each exposure group. Interpretation of
the results of this experiment is difficult because
of the small number of animals included in the
study.

A study in Smith's laboratory (11), which was
the first study to utilize a large number of ani-
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mals, was designed to more closely simulate an
environmental exposure to asbestos. Hamsters
were exposed to either amosite fibers or taconitetailings at three different dose levels in drinkingwater. The control animals received Lake Supe-rior water that had been filtered by either a 0.45-lim or 0.1-fim filter. A small number of malignant
tumors was detected in the exposed groups, butthese tumors were not specifically attributed to
asbestos because no cancers were detected in thehigh dose groups. The particle size of the different
fiber types was well characterized by the investi-gators.

Another large lifetime animal study byDonham et al. (12) was initiated to induce and to
characterize colon lesions in F344 rats by feedingthem high levels of asbestos (10% of feed). Be-
cause of the high level of asbestos in the feed, a
nonnutritive cellulose fiber control group was in-cluded. In this study only the colon and rectumwere examined microscopically. Although differ-ences in the number of colon tumors were not
statistically significant between the asbestos-fedanimals and control groups, the researchers pre-
sented the following observations, which suggestthat ingested asbestos is not inert in the colon:
evidence of increased probability of asbestos-fedrats to develop colon lesions generally, evidencefor unique mesothelioma in rats fed asbestos,
evidence for a colonic cell regulator defect, andevidence for asbestos fiber penetration of colonmucosa.

Two experiments were designed by Ward et al.(13) to determine the promoter potential of oralexposure to asbestos. Could asbestos modify the
response to azoxymethane, a known intestinalcarcinogen? Rats were exposed to azoxymethaneand/or asbestos for 10 weeks and were sacrificed34 weeks later or observed throughout their life-
span. In the first experiment, intestinal carcino-mas were detected only in the groups of animalsreceiving azoxymethane alone or in combination
with asbestos. In the second experiment of longerduration, the incidence of intestinal tumors wasonly slightly greater in the amosite plus azoxy-
methane group as compared with the azoxyme-thane group. Furthermore, the authors concludedthat amosite alone caused a relatively high rate
of intestinal neoplasia. However, there were nocontrol animala included in the second experi-
ment, which compromises the findings. The re-searchers reported a 14% incidence of Zymbal
gland tumors in the rats exposed only to amosite.
The historical rate of Zymbal gland tumors in the
National Cancer Institute Bioassay Program is
0.34%, indicating that it is a relatively rare tu-

mor. Since a single dose of azoxymethane has
been shown to induce both Zymbal gland tumors
and intestinal carcinomas (14), an inadvertentexposure to azoxymethane might have caused the
high incidence of intestinal neoplasma and Zym-bal gland tumors in the amosite-exposed animals.
One has reason to doubt the authors' conclusion
that oral asbestos exposure in F344 rats may
have increased the incidence of intestinal tumorsoccurring naturally. 'Since amphibole fibers had been detected in
Lake Superior and in the Duluth municipal water
supply, a study was conducted by Hilding et al.
(15) to investigate the potential carcinogenic ef-
fect of unnltered Duluth tapwater, municipal wa-
ter reservoir sediments, taconite plant tailings,amosite, and diatomaceous earth. Under the ex-
perimental conditions of this study, no significant
increases were detected in the incidence of malig-
nant tumors in any experimental group when
compared to controls.The final study (16) considered in this review
examined the effects of prolonged asbestos expo-sure to rats. Animals were fed over 250 mg/week
of amosite, crocidolite and chrysotile in marga-
rine for periods up to 25 months. No excess of
malignant tumors were found in any experimen-
tal group, and no gastrointestinal mucosal abnor-
malities were detected. Bolton and co-workers
concluded that there were no significant adverse
health effects from prolonged asbestos ingestion
in healthy laboratory rats.

Conclusions
Certain conclusions can be summarized from

the various ingestion studies. The bulk of the
experimental evidence indicates that the long-term, high-level ingestion exposure to various
types of asbestos fibers failed to produce any defi-nite, reproducible, organ-specific carcinogenic ef-fect. Although comparisons between studies are
confounded by different rat strains utilized, by
different dose levels or exposure conditions, andby different types of asbestos employed, the vast
majority of the asbestos ingestion studies were
either negative or equivocal. There was ap-
parently a carcinogenic response to amosite inone study (13), but the authors did not rule out
that an inadvertent exposure to azoxymethane,
an intestinal carcinogen, had occurred. Many ofthe studies suffered from an insufficient number
of experimental animals and from an inadequate
exposure time to asbestos. Another major draw-
back of many of the studies was that they were
not lifetime studies.
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One can question the suitability of the animalmodels employed in evaluating the human re-
sponse to oral exposure to asbestos, since suffi-cient time may be lacking between exposure and
the development of malignancies during the ani-mal's lifetime. However, exposure to asbestos by
other routes has induced cancer in rats. For ex-ample, Wagner et al. (17) reported the develop-
ment of lung cancer and mesothelioma from brief
to lengthy inhalation exposure to various types of
asbestos, while Gross (18) reported asbestotic
lung cancers in 25 of 72 rats that survived 16
months of exposure to chrysotile dust. Based on
the carcinogenic effects of asbestos from nonoral
exposure routes (2J3), one would expect to be able
to produce a neoplastic response within the life-
time of conventional laboratory animals with
massive doses of ingested asbestos such as those
employed in some of the studies mentioned in this
paper. These studies also cast some doubt on the
hypothesis that peritoneal mesotheliomas and
gastrointestinal cancers result from the ingestion
of asbestos fibers cleared from the lungs following
inhalation exposure.
The research described in this paper has been peer and

administratively reviewed by the U.S. Environmental Protec-
tion Agency and approved for presentation and publication.
Mention of trade names or commercial products does notconstitute endorsement of recommendation for use.
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Chronic Effects of Dietary Exposure toAmosite and Chrysotile Asbestos in Syrian
Golden Hamsters
by Ernest E. McConnell,* Alan M. Shefner/ John H. Rust* and
John A. Moore*

Bioassays of amosite, short-rang* (SR), intermediate-range (IR) or intermediate-range
chrysotile asbestos in combination with the intestinal carcinogen 1,2-dimethylhydrazine
dihydrochloride (DMH) were conducted with male and female Syrian golden hamsters.
Amoaito and both forms of chrysotile asbestos were administered at a concentration of1% in pelleted diet for the entire lifetime of the hamsters starting with mothers of the testnTiiinni«, Group sizes varied from 125-254. There was no advene effect on body weight
gain or survival by either type of asbestos or by IR chrysotile asbestos in combination
with DMH.A significant increase (p < 0.05) in adrenal cortical tumors was observed in male
hamsters exposed to SR and IR chrysotile asbestos and in females treated with IRchrysotile asbestos when compared to the pooled control groups. However, statisticalsignificance (p < 0.05) was lost when these dosed groups were compared with temporalcontrol groups. Neither of the male or female amosite asbestos groups showed increased
neoplasia hi any tissue or organ compared to the control groups. The cocarcinogen
studies using IR chrysotile asbestos and 1,2-dimethylhydrazine dihydrochloride were
considered inadequate because there was no increase in intestinal neoplasia in the DMH
group.

Introduction
In November 1973 the National Institute of

Environmental Health Sciences and the Environ-
mental Protection Agency cosponsored a sympo-
sium on the possible biological effects of ingested
asbestos (1). This conference concluded that apaucity of definitive data existed concerning the
effects of ingested asbestos and that specific re-
search was needed.A subcommittee of the DHEW Committee to
Coordinate Toxicology and Related Programs was
established to review existing data and to prepare
a draft research protocol that would be responsiveto the possible public health implication of in-
gested asbestos. This protocol was widely distrib-

•Natiooal Tbxicology Program, National Institute of Envi-
ronmental Health Sciences, P.O. Box 12233, Research "Wan-
gle Park, NC 22709.
tuT Research Institute. Life Sciences Research Division,10 West 35th Street, Chicago, IL 60616.

uted for comment within and outside the govern-
ment and a public meeting of the subcommittee
was held on February 11, 1975. On the basis of
the comments received, a revised final protocol
was developed which called for the use of long-
term animal toxicology studies to evaluate the
ingestion of several minerals for carcinogenic ef-
fect. As a result the National Toxicology Program
investigated the carcinogenic potential of the in-gestion of various forms of asbestos in rats and
hamsters. All of the studies were to encompass
the lifetime of the animal, including exposure of
the dams from which the test animate were de-
rived.
This report represents the results of studies

undertaken to determine the effects of the inges-
tion of amosite and chrysotile (short- and inter-
mediate-range) asbestos in Syrian golden ham-
sters. The effects of intermediate-range chrysotile
asbestos in conjunction with a known intestinal
carcinogen, 1,2-dimethylhydrazine (DMH), were
also studied.
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lable 1. Fiber characteristic* of chrysotile asbestos.

Fiber characteristics Short-range Intermediate-range
Surface area, mVg
Density, g/onS
Measurement, transmission electron microscopyFiber count/g
Median length, \un
Range of length, fimMedian diameter, urnRange of diameter, fm
Median fiber aspect ratio (IVD)

Frequency distribution by length (urn), optical microscopy

59.0
2.577 ± 0.022 SD

0.6081 x 1013
0.66

0.088-51.1
0.059

0.019-1.57
11.1698

27.92.607 ± 0.016 SD
0.1291 x

0.820.104-7830.0890.019-11.58.435
10 percentile20 percentile30 percentile
40 percentile50 percentile60 percentile70 percentile
80 percentile90 percentile

1.31.7
2.2
2.6
3.1
3.8
4.5
5.8
7.8

1.4
1.9
3.0
5.4

14.0
29.0
48.0
76.0

130.0

Materials and Methods
Asbestos is a general term applied to certain

natural mineral silicates when they appear in afibrous form. Chrysotile is the fibrous member of
the serpentine mineral group while amosite is anamphibole mineral. Two chrysotile test materials
were selected for testing and are referred to asshort-range (SR) and intermediate-range (IR)
chrysotile. Intermediate-range chrysotile differs
from short-range chrysotile in that the former
contains fibers extending into relatively large
sizes, both with respect to length and diameter.

The short-range chrysotile was purchased from
the Union Carbide Corporation, Niagara Falls,
New York, which referred to the material as COF-
25. The chrysotile was mined from the New Idria
serpentine mass located in the southwestern San
Benito and western Fresno counties of California.
Mineral and fiber characteristics of SR chrysotile
are shown in Tables 1 and 2.

The intermediate-range chrysotile was pur-
chased from the Johns Manville Company, which
referred to the material as Plastobest-20. Thechrysotile was obtained from the Jeffrey Mine,
Asbestos, Quebec, Canada. Mineral and fiber
characteristics of IR chrysotile are shown in Ta-
bles 1 and 2.An amosite sample (S-33) from a mine in
Penge, Transvaal, Republic of South Africa waspurchased by the Bureau of Mines from the Atlas
Asbestos Company, Montreal, Quebec, Canada.
The sample was processed by a single passthrough an air jet mill to improve the homogene-
ity of the amosite. Mineral and fiber characteris-
tics of amosite are shown in Tables 3-5.

Table 2. Chemical-instrumental analyses of chrysotileasbestos.
Content, wt— %

Al203CaO
Fe20,MgOKjOSi02NajOTM>2MnO
Cr20sNiO
2?°'COz
HtOHzO*
Benzene-extracted organics

Short-range
0.66
0.322.02

40.62Not detected39.77
0.010.030.07
0.17
0.17
0.01
0.78
1.54

12.690.026

Intermediate-range
1,47
0.05
2.93

40.62
0.08

39.90
0.04
0.04
0.06
0.06
0.06Not detected
0.511.17

12.81
0.011

The homogenicity of the samples and the physi-
cal and chemical properties of the materials were
extensively characterized by the Bureau ofMines, U.S. Department of the Interior (Supt. of
Documents No. I 28.23:8452) and by the FineParticle Laboratories, Illinois Institute of Tech-
nology Research Institute, Chicago, Illinois (Spe-cial Report and Addendum on project L6085, con-
tract Nol-ES-5-3157). Copies of these reports are
available upon request from the National Toxicol-
ogy Program.
Test Diets

The feed used was NIH-31 open formula rodent
diet prepared by Zeigler Brothers, Inc., Gardner,
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PA. The appropriate asbestos was incorporated to
a level of 1% by weight into the test diet. All feed
was pelleted with a Sprout-Waldron pelleter; the
pellets were of oval configuration, 3/s in. by 3/* in.
in size. Pelleted feed was packaged in 25-lb ali-
quots in standard paper feed-bags which were
color coded to minimize the occurrence of feeding

Table 3. Fiber characteristics of amosite asbestos.
Fiber characteristics_______________________
Surface area, m*/g 4.13
Density, g/cm1 3.35 ± 0.026 SD
Measurements, transmission electron microscopyFiber count/g 0.3466 x 10"
Median length, jim 4.37
Range of length, um 0.85-995Median diameter, um 0.72Range of diameter, urn 0.064-12.4
Median fiber aspect ratio (LJD) 6.4248

Table 4. Chemical-instrumental asbestos of amositeasbestos.
A12O3CaO
FeOFe^MgO
K2OSiO2Na.,0
MnO
Cr2O3NiO
CO2H20

0.42
0.48

34.61
2.24
6.22
0.30

50.36
0.03
2.66
0.03
0.01
0.88
0.15

errors at the test laboratory. Each lot of blended
feed was analyzed for asbestos concentration.
Sources and Specifications of Test
Animals
Four groups (three chrysotile and one amosite)

of disease-free, mated female outbred Syrian
golden hamsters were obtained over a period of 20
weeks in 1977 from Charles River Lakeview Lab-
oratories, New Field, NJ. The hamsters had been
mated 6 days prior to shipping.
Animal Maintenance
Upon arrival, the mated female hamsters were

weighed and sorted into weight ranges. They
were then distributed randomly between control
and treatment groups, which were housed in sep-
arate rooms. The first shipment of mated females
was assigned to the short-range (SR) chrysotile
study, the second to the intermediate-range (IR)
chrysotile study, the third shipment to the IR
chrysotile plus DMH study, the fourth group to
the amosite study and their respective control
groups. Each dam was placed in an individual
cage with filter top in its respective'room. Control
or formulated diets were provided ad libitum on
the floor of each cage. Water was provided ad
libitum via bottles. The hamsters were not han-
dled just before the litters were due to be born
except when the cages were changed. Once the
litters were born, they were left undisturbed until
they were approximately 10 days of age. Then,
the cages were changed weekly until the offspring

Table 5. Particle size distribution of amosite asbestos by particle number: SEM.«
Length interval, jim

Amosite mean width, pm.
Amosite particles per interval
Total amosite particles, %
Cumulative amosite, %
Amosite, vol.-%
Cumulative vol-% amoeite
Number of other particles
Amoeite particles per length interval, % by
aspect ratio:

1:1-2.9:1
3:1-4.9:1
5:1-9.9:1

10:1-19.9:1
20:1-49.9:1
50:1-99.9:1

100:1-199:1
200:1-499:1

>500:1

0-1.99
0.28

57
5.6
5.6_
—
11

12
34
43
11

0
0
0
0
0

2-3.99
0.38
126
12.3
17.9
0.1
0.1

8

0
10
52
34

4
0
0
4
0

4-5.99
0.45

83
8.6

26.5
0.3
0.4
1

0
6

23
52
181
0
0
0

6-7.99
0.45

78
7.6

34.1
0.4
0.8

0

0
5

14
38
41

2
0
0
0

8-9.99
0.48

52
5.1

39.2
0.4
1.2
1

0
2
4

40
54

0
0
0
0

10-19.99
0.52
181

17.7
56.9

2.4
3.6
1

0
0
1

21
64
12
2
0
0

20-39.99
0.51
184
18.0
74.9
5.0
8.6

0

0
0
1
1

30
55
12
1
0

•Calculated from panicle number data, assuming rectangular cross section with third dimension equal to V2 measured width.
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were 4 weeks of age, at which time they wereweaned.

At weaning, the offspring were individually
weighed and separated by sex. The test groupswere randomly placed into groups of three malesand three females and housed in polycarbonate
cages for the remainder of the lifetime study. Thedams were killed at this time. Twenty male and
twenty female offspring were removed from thestudy for endo- and ectoparasite examination to
confirm that the test groups were of a desiredhealth status. Extra hamsters were not discardedat this time, in case animals had been missexed.
Approximately 6 weeks after weaning, all mis-sexed hamsters were killed along with their cagemates and were replaced with these alternates
which had received maintenance identical to thatreceived by the original hamsters. The remaining
hamsters were killed. The experimental design
insured that ingestion of asbestos spanned the
entire phase of solid food consumption during thelifetime of the animal. Food consumption was not
determined because of the hamster's habit of se-questering its feed in the bedding. Control ham-sters were housed in separate rooms. The numberof animals in the study is shown in Table 6.
Starting at 6 weeks of age, male and femalehamsters in the intermediate-range chrysotile/1,2-dimethylhydrazine dihydrochloride (DMH)study (Table 1) were given oral doses of DMH (4

mg/kg) every other week for a total of 5 doses. Thedose of DMH used in this study was based on the
results of a pilot study carried out previously in
the same facility. The latter was conducted in a
manner similar to that reported in rats 02). The

DMH (Aldrich Chemical Co., Milwaukee, WI)
was used as received and was dissolved in 0.9%saline to a concentration of 1.5% (15 mg/mL). Thisstock solution was then diluted with saline to give
the appropriate concentration for dosing. The so-lutions were made up within one hour prior to thedosing of the hamsters. All dosing was completed
in less than 3 hr. The DMH was analyzed aftereach dosing.
During the test period, room temperature wasmaintained at 22 ± 2°C and the relative humid-

ity ranged from 40% to 80%. To minimize contam-ination of room air with asbestos, each cage wastotally enclosed. Incoming air was filtered to thecages through glass fiber filters while exit air was
filtered through a fiberglass roughing filter fol-
lowed by a bag housing filter. The cage atmo-sphere was negative relative to the room and theroom was maintained at a slightly negative atmo-
sphere in relation to corridor air. Air flow within
the animal rooms was maintained with a mini-
mum of 20 air changes/hr. Flourescent lightingwas provided 12 hr/day.

Clinical Examinations and Pathology
All hamsters were observed daily for signs oftoxicity. Body weights of individual animal" wererecorded weekly for the duration of the study. Allanimals were allowed to die or were killed with

pentobarbital sodium when moribund. A com-
plete postmortem examination was performed on
all animals not severely cannibalized or auto-
lyzed. Thus, the number of animals from which
particular organs or tissues were examined mi-

Table 6. Disposition of hamsters in oral asbestos study.

Group
SR chrysotile
control
IR chrysotile
control
DMH and ER chrysotile
control
Amosite
control
SR chrysotile
IR chrysotile
DMH
DMH and IR
chrysotile
Arnosite

Sex
MFMFMF
M
FMFMF
M
FM
F
M
F

On test
126
126
126
126
125
128
127
126
253
252
251
252
127
126
176
174
252
254

Histopathologic
evaluation

115
114
116
119
119
120
122
119
233
228
245
244
127
122
173
161
248
237

Miming
0
0
0
0
01
01
01
01
0
0
0
3
0
5

Cannibalized
31
0
0
0
0
0
01
0
0
0
0
0
0
0
0
0

Autolyzed
6
6
8
4
3
2
4
1

10
17
3
3
0
1
2
6
3
5

Missexed
2
5
2
3
3
5
1
5
9
6
3
4
0
3
1
4
1
7
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croscopically varies and does not necessarily rep-resent the number of pnimala that were placed on
study in each group (Table 6).Since the gastrointestinal tract was chosen asone of the target organs prior to the study, it was
handled in a manner slightly different from theusual in standard rodent lifetime bioassays. Priorto placement in fixative, the entire esophagus was
opened and pinned with the exterior surface adja-cent to cardboard. The stomach and cecum were
prepared similarly. Lengths of duodenum and il-eum (2 cm) and two portions of jejunum were
placed unopened in fixative. The remaining smallintestine was opened and gently washed withsaline and it was then carefully examined. Sus-pect lesions were processed separately and identi-fied individually as to location. Likewise, the en-
tire colon with anus was opened, examined, andpinned to cardboard prior to fixation. The size andlocation of masses were recorded. Masses greater
than 1 mm in diameter were removed as separatespecimens for processing. After fixation and prior
to embedding, the colon was "carpet-rolled" start-
ing at the posterior end, with the mucosal surface
inward.
All tissues were fixed in 10% neutral buffered

formalin, sectioned, and stained with hematoxy-
lin and eosin. Tissues/organs examined micro-
scopically were: tissue masses, the above men-
tioned portions of gastrointestinal tract,mesenteric and bronchial lymph nodes, mam-mary gland, salivary gland, thigh muscle, bone
marrow (sternum), nasal cavity with turbinates,larynx, trachea, lungs, and bronchi, heart, thy-
roid, parathyroid, liver, gallbladder, pancreas,
spleen, kidneys, adrenal glands, urinary bladder,
seminal vesicles/prostate/testes, ovaries/uterus,
brain, pituitary gland, eyes and spinal cord. Se-
lected sections were stained with Bennhold's
congo red to demonstrate amyloid.

Data Recording and Statistical
Methods

The individual animal pathology data on this
experiment were recorded in the Carcinogenesis
Bioassay Data System. The data elements include
descriptive information on the chemicals, ani-
mals, experimental design, clinical observations,
survival, and individual pathologic results.
Probabilities of survival were estimated by the

product-limit procedure of Kaplan and Meier (3).
Animate were statistically censored as of the time
that they died of other than natural causes or
were found to be missing; animals dying from
natural causes were not statistically censored.

Differences in survival were evaluated by Cox's
life table method (4).

The incidence of neoplastic or nonneoplastic
lesions has been given as the ratio of the number
of animals bearing such lesions at a specific ana-
tomic site (numerator) to the number of animals
in which that site was examined (denominator).
In most instances, the denominators includedonly those animals for which that site was exam-
ined histologically. However, when macroscopic
examination was required to detect lesions (e.g.,skin or mammary tumors) prior to histologic sam-
pling, or when lesions could have appeared atmultiple sites (e.g., lymphomas), the denomina-
tors consist of the numbers of animals necropsied.

For the statistical analysis of tumor incidence
data, two different methods of adjusting for inter-
current mortality were employed. Each used the
classical methods for combining contingency ta-bles developed by Mantel and Haenszel (5).

The first method of analysis assumed that all
tumors of a given type were fatal, i.e., they either
directly or indirectly caused the death of the
animal. According to this approach, the propor-
tions of tumor-bearing animals in the treated and
control groups were compared at each point intime at which an animal died with a tumor of
interest. The denominators of these proportionswere the total number of animals at risk in eachgroup. These results were then combined by the
Mantel-Haenszel methods to obtain an overall
probability (p) value. This method of adjusting for
intercurrent mortality is Cox's life table method
(4).The second method of analysis assumed that all
tumors of a given type were "incidental," i.e., they
were merely observed at autopsy in animals dy-
ing of an unrelated cause. According to this ap-
proach, the proportions of animals found to have
tumors in treated and control groups were com-
pared in each of five time intervals. For male
hamsters these time intervals were 0-52 weeks,
53-78 weeks, 79-92 weeks, 93-103 weeks and
beyond 103 weeks. For female hamsters whose
median survival was considerably less than that
of the males, the time intervals were 0—44 weeks,
45-52 weeks, 53-60 weeks, 61-68 weeks and be-
yond 68 weeks. The denominators of these propor-
tions were the number of animals actually autop-
sied during the time interval. The individual time
interval comparisons were then combined by the
previously described methods to obtain a single
overall result (6).
In addition to these tests, one other set of statis-

tical analyses were carried for each primary tu-
mor the Fisher exact test based on the overall
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proportion of tumor-bearing animals(T). All re-
ported p values are one-sided. Except where
noted, the three alternative analyses gave simi-
lar results.
Results
Establishment of Test Groups
The experiment was designed to evaluate the

effects of orally ingested amosite or chrysotile
asbestos during the entire life of the animal,
starting from the time it was able to eat solidfood. For this reason, the mated female hamsters
had been on the test diets for approximately 2
weeks when the first litters were born. Of thefemales, 10-15% were not pregnant, aborted, ortheir litters died immediately after birth. Several
more dams died after showing a prolapsed rectum
in the week following birth. The incidences of
infertility and neonatal deaths were unrelated to
the test diet. To minimize the chance that themothers would reject or cannibalize their young,
the litters were not handled during lactation.
Many of the pups which died during the nursingperiod were cannibalized by their mothers. In
those pups in which a postmortem examinationwas possible, the stomachs were typically without
food (milk), suggesting maternal rejection or in-
ability to compete with litter mates. None of these
observations were compound-related.
Approximately 2% of the offspring in all groups

died between weaning and 14 weeks of age due to
cage fighting or an enteritis of undetermined
origin. Histologically, the disease was compatible
with the acute form of proliferate ileitis ("wet

tail"), a common disease of hamsters. Combina-
tions of cage fighting and enteritis were alsoobserved. These deaths were not compound-
related, although cage fighting was more severe
in the SR chrysotile and its temporal controlgroup than in the other two portions of the study.
Replacement hamsters were incorporated into thegroups (in additional cages) to maintain group
sizes until the animals were 12 weeks of age; from
this time on, no additional hamsters were addedto the experimental groups. The extra hamsterswere killed.
Body Weights and Clinical Signs

Body weight gain was not adversely affected in
any dose group, including the group given 1,2-
dimethylhydrazine dihydrochloride (DMH). In
fact, both types of asbestos appeared to increase
body weight in most of the dosed groups.

No compound-related clinical signs were ob-
served during the entire study. Occasional skin
lesions and bite wounds were observed in both
sexes, but were more apparent in males; these
became less of a problem after the hamsters were
20 weeks of age.
Survival
• Survival was not adversely affected by any of
the test diets with the possible exception of DMH-
treated female hamsters. Survival rates were ac-
tually higher in the amosite and SR and ER chrys-
otile groups relative to the temporal controls. The
median life-span of females (control and treated)
was shorter than that of corresponding groups of
males (Table 7). The median survival of control

Table 7. Median life span of hamsters in oral asbestos study.
Group
ER chrysotile control
IRchrysotile
SR chrysotile control
SR chrysotile
DMH and IR chrysotile control
DMH
IR chrysotile and DMH
Amosite control
Amosite

Sex
M
F
MF
MF
MFMF
M
F
M
F
M
F
M
F

Median life span, weeks
83
61
86
59
77
57
87
63*
82
57
82
54b
90
63*
81
55
84
60

"Significantly (p < 0.05) improved overall survival relative to controls (life table analysis).
i>Significantly (p < 0.05) reduced overall survival relative to controls (life table analysis).
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female groups was 55-61 weeks, compared to 77-83 weeks for control male hamsters (Table 7).

Pathology
The number of hamsters available for histo-

pathologic examination is shown in Table 6. Most
animals not examined pathologically were ex-
cluded because of autolysis or cannibalization.
Review of the clinical records of hamsters lost to
autolysis or cannibalization gave no indication
that these animals had neoplasia.

A variety of neoplasms was observed in control
(Tables 8 and 9) and asbestos-exposed hamsters
(Tables 10-17). The proportion of control male or
female hamsters bearing primary tumors was not
statistically different among the four control
groups. Thus, statistical comparisons were made
with pooled controls as well as with temporal
controls. Overall, the male hamsters had a
slightly higher rate of neoplasia than the females.
Those organs with greater than 4% incidence of

neoplasia in dosed or control groups were the
adrenal gland, pancreas (islets of Langerhans),
parathyroid, and reticuloendothelial system.

The only organ showing an increased rate of
neoplasia in chrysotile-exposed hamsters com-
pared to the controls was the adrenal cortex. In
male hamsters, the incidence of cortical adeno-

mas was significantly increased (p < 0.01) in the
SR and IR chrysotile groups compared with the
pooled controls but not in the DMH chrysotile or
amosite groups. None of the chrysotile groups
showed a significant (p < 0.05) increase in corti-
cal adenomas relative to their temporal control
groups. A similar increase in cortical adenomas
was observed in the female IR chrysotile group
compared with pooled controls, but this also
ceased to be significant when compared with the
temporal control group.
In only three other instances did specific tumor

types show significant effects relative to pooled or
temporal controls. The only statistically signifi-
cant (p < 0.05) difference in tumor incidence
observed in the amosite study was a decrease in
islet-cell adenomas observed in female hamsters.
Female hamsters administered SR chrysotile
showed a significantly (p < 0.05) decreased inci-
dence of islet-cell adenoma relative to pooled con-
trols (Table 16). Male hamsters administered
DMH showed a significantly (p < 0.05) increased
incidence of leukemia or malignant lymphoma
relative to pooled controls (Table 16).
The only group to show a significant (p < 0.05)

increase in overall primary tumors was the male
IR chrysotile group. This increase was due pri-
marily to adrenal tumors. Male hamsters receiv-
ing SR chrysotile or DMH and ER chrysotile also

Table 8. Incidence of primary tumors in male hamster control groups.

Aniinalu with primary tumors
Skin or subcutaneous tissue, all tumors
Lung or trachea, all tumors
Adrenal

Cortical adenoma
Cortical carcinoma
Pheochromocytoma
Other tumors

Pancreas
Islet-cell adenoma
Islet-cell carcinoma

Thyroid
C-cell adenoma
C-cell carcinoma
Other tumors

Parathyroid, adenoma
G.I. tract, all tumors
Pituitary, ail tumors
Kidney, all tumors
Liver, all tumors
Leukemia or malignant lymphoma
Hemangioma or hemangiosarcoraa
All other tumors

Short-range
chrysotile
control

21/115(18%)
0/115 (0%)
0/115 (0%)
7/115(6%)
3/115(3%)
2/115(2%)
0/115 (0%)
2/111 (2%)
1/111(1%)
3/109 (3%)
1/109(1%)
0/109 (0%)
0/72 (0%)
2/115 (2%)
0/84 (0%)
0/115 (0%)
0/115 (0%)
2/115(2%)
0/115 (0%)
1/115(1%)

Intermediate-
range

chrysotile
control

26/116 (22%)
1/116(1%)
0/116 (0%)
7/115 (6%)
3/115 (3%)
5/115 (4%)
3/115 (3%)
7/110(6%)
0/110 (0%)
3/106 (3%)
1/106(1%)
0/106 (0%)
1/71(1%)
1/116(1%)
0/77 (0%)
2/116(2%)
0/116(0%)
1/116(1%)
0/116 (0%)
0/116 (0%)

DMH and
intermediate-

range
chrysotile
control

27/119(23%)
1/119(1%)
9/119(0%)
3/117 (3%)
4/117 (3%)
3/117 (3%)
2/117 (2%)
8/110(7%)
0/110 (0%)
0/107 (0%)
0/107 (0%)
1/107 (1%)
1/64 (2%)
2/119(2%)
0/80 (0%)
1/119(1%)
0/119(0%)
4/119(3%)
3/119 (3%)
3/119(3%)

Amosite
control

21/122(17%)
0/122 (0%)
0/120 (0%)
8/119 (7%)
3/119 (3%)
3/119(3%)
1/119 (1%)
3/114 (3%)
0/114 (0%)
V 106(1%)
1/106(1%)
0/106 (0%)
0/64 (0%)
1/112(1%)0/81 (0%)
1/120 (1%)
0/120 (0%)
1/122(1%)
2/122 (2%)
1/122 (1%)
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showed an elevated incidence of primary tumors
relative to pooled controls. However, when sur-
vival differences were taken into account by a life
table analysis, these differences were not statisti-

cally significant. Female chrysotile groupsshowed little evidence of an increased incidence of
primary tumors relative to temporal or pooledcontrols.

Table 9. Incidence of primary tumors in female hamster control groups.

9

Animals with primary tumorsSkin or subcutaneous tissue, all tumorsLung or trachea, all tumors
AdrenalCortical adenoma

Cortical carcinomaPheochromocytomaOther tumors
Pancreas

Islet-cell adenoma
Islet-cell carcinoma

ThyroidC-cell adenomaC-cell carcinomaOther tumors
Parathyroid, *A*nnm*
GJ. tract, all tumorsPituitary, all tumors
Kidney, all tumorsLiver, all tumorsLeukemia or malignant lymphoma
Hemangioma or hemangiosarcoma
Uterus, all tumorsAll other tumors

Short-range
chrysotile
control

19/114 (17%)
0/114 (0%)
0/114 (0%)
4/112 (4%)
0/112(0%)
0/112 (0%)
0/112 (0%)
2/109 (2%)1/109 (1%)
2/106 (2%)
1/107 (0%)
2/107 (2%)
3/68 (4%)
1/114 (1%)
0/77(0%)
0/114 (0%)
0/114(0%)
2/114 (2%)
0/114 (0%)
3/113 (3%)
3/114 (3%)

Intermediate-range
chrysotile
control

17/119 (14%)
1/119 (0%)
0/119 (0%)
6/118 (5%)
0/118 (0%)
0/118 (0%)
0/118 (0%)
5/116 (4%)0/116 (0%)
3/115 (3%)
1/115 (0%)
0/115 (0%)
1/77(1%)
2/119 (2%)
2/67 (3%)
1/119 (1%)
0/119 (0%)
1/119 (0%)
0/119 (0%)
1/119 (1%)
0/119 (0%)

DMHand
intermediate-

rangechrysotile
control

15/120 (12%)
1/120 (0%)
0/119(0%)
3/120 (2%)
0/120 (0%)
0/120 (0%)
0/120 (0%)
5/116 (4%)
0/116 (0%)
0/112 (0%)
0/112 (1%)
U112 (0%)
1/74 (1%)
1/120 (1%)
0/62 (0%)
0/120 (0%)
0/119 (0%)
3/120 (2%)
1/120 (1%)
2/120 (2%)
1/120 (1%)

Amosite
control

15/119 (13%)
0/119 (0%)
0/119 (0%)
2/118 (2%)
0/118 (0%)
0/118 (0%)
0/118 (0%)
3/115 (3%)
0/115 (0%)
1/106 (1%)
1/106 (0%)
0/106 (0%)
1/61 (1%)
1/119 (1%)
0/79 (0%)
0/119 (0%)
0/118 (0%)
2/119 (2%)
1/119 (1%)
2/119 (2%)
2/119(2%)

Table 10. Incidence of primary tumors hi male hamsters administered amosite asbestos.

Animal* with primary tumors
Skin or subcutaneous tissues.all tumors
Lung and trachea, all tumorsAdrenalCortical adenomaCortical carcinomaPheochromocytoma

Other tumors
Pancreas

Islet-cell adenomaIslet-cell carcinoma
Thyroid

C-cell adenoma
C-cell carcinomaOther tumorsParathyroid, ademona

GX tract, all tumors
Pituitary, all tumors
Kidney, all tumors
Liver, all tumorsT»nlfofp^a or malignant lymphoma
Hemangioma or hemangiosarcoma
All other tumors

Pooled
controls

95/472 (20%)
2/472 «1%)
0/470 (0%)
25/466 (5%) •*
13/466 (3%)
13/466 (3%)
6/466 (1%)
20/455 (4%)
1/445 «1%)
7/428 (2%)
1/428 «1%)
1/428 «1%)
2/271 (1%)
6/472(1%)
0/322(0%)
4/470 (1%)
0/470 (0%)
8/472 (2%)
5/472 (1%)
5/472(1%)

Amosite
controls

21/122(17%)
0/122 (0%)
0/120 (0%)
8/119 (7%)
3/119 (3%)
3/119 (3%)
I/ 119(1%)
3/114 (3%)
0/114 (0%)
1/106 (1%)
0/106 (0%)
0/106 (0%)
0/64 (0%)
1/122 (1%)
0/81 (0%)
1/120 (1%)
0/120 (0%)
1/122 (1%)
2/122 (2%)
1/122(1%)

Amosite-
treated

57/248 (23%)
0/248(0%)
0/248 (0%)
13/246 (5%)
7/246 (3%)
4/246 (2%)
2/246(1%)
11/234 (5%)
0/234(0%)
7/221 (3%)
2/221 (1%)
2/221 (1%)
2/150 (1%)
6/248 (2%)
0/182 (0%)
2/248 (1%)
0/247 (0%)
5/248(2%)
2/248 (1%)
2/248(1%)
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Animal* with primary tumors
Skin or subcutaneous tissues.
all tumors

Lung and trachea, all tumorsAdrenalCortical adenoma
Cortical carcinoma
Pheochromocytoma
Other tumorsPancreasIslet-cell adenoma
Islet-cell carcinoma

ThyroidC-cell adenoma
C -cell carcinoma
Other tumorsParathyroid, ademona

G J. tract, all tumorsPituitary, all tumors
Kidney, all tumors
Liver, all tumors
Leukemia or malignant lymphoma
Hemangioma or hemangiosarcoma
Uterus, all tumors
All other tumors

Pooled
controls

66/472(14%)
0/472 (0%)
0/471 (0%)
15/468 (3%)
0/468(0%)
0/468 (0%)
0/468 (0%)
15/456 (3%)
0/222(0%)
6/440(1%)
1/440 «1%)
2/440 (1%)
6/280 (2%)
5/472(1%)
2/285(1%)
1/472 «1%)
0/472 (0%)
7/472 (1%)
2/472 «1%)
8/471 (2%)
6/472 (1%)

Amosite
controls

15/119 (13%)
0/119 (0%)
0/119(0%)
2/118 (2%)
0/118 (0%)
0/118 (0%)
0/118(0%)
3/115 (3%)
0/115 (0%)
U106 (1%)
0/106 (0%)
0/106 (0%)
1/61(1%)
1/119 (1%)
0/79 (0%)
1/119 (0%)
0/118 (0%)
2/119(2%)
1/119 (1%)
2/119 (1%)
1/119(1%)

Amoaite-treated
30/237 (13%)
2/237 (1%)
0/234(0%)
6/234(3%)
0/234 (0%)
2/234 (1%)
0/234 (0%)
2/222 (1%)*
1/456(1%)
4/215 (2%)
U215 «1%)
0/215 (0%)
1/141 (1%)
4/237 (2%)
0/149 (0%)
0/236 (0%)
0/234 (0%)
3/2236(1%)
3/237 (1%)
1/236 «1%)
2/237 (1%)

*p < 0.05 decrease relative to pooled controls (life table and incidental tests).

Table 12. Incidence of primary tumors in male hamsters administered short-range chrysotile asbestos.
Short-range

Anim«l« with primary tumors
Skin or subcutaneous tissue, all tumors
Lung or trachea, all tumors
Adrenal

Cortical adenoma
Cortical carcinomaPheochromocytoma
Other tumorsPancreas
Islet-cell adenoma
Islet-cell carcinoma

ThyroidC-cell adenoma
C-cell carcinoma
Other tumors

Parathyroid, adenoma
G J. tract, all tumors
Pituitary, all tumors
Kidney, all tumors
Liver, all tumors
Leukemia or malignant lymphoma
Hemangioma or hemangiosarcoma
All other tumors
•p < 0.05 vs. pooled controls.

Pooled
controls

95/472 (20%)
2/472 «1%)
0/470 (0%)
25/466 (5%)
13/466 (3%)
13/466 (3%)
6/466 (1%)
20/445 (4%)
1/445 «1%)
7/428 (2%)
3/428 (1%)
1/428 «1%)
2/271 (1%)
6/472(1%)
0/322 (0%)
4/470(1%)
0/470 (0%)
8/472 (2%)
5/472 (1%)
5/472(1%)

t>p - 0.152 (life table); p = 0.065 (incidental tumor test) andp -

chrysotile
controls

Short-range
chrysotile

21/115 (18%) 64/233 (27%)«
0/115 (0%)
0/115 (0%)
7/115 (6%)
3/115 (3%)
2/115 (2%)
0/115 (0%)
2/111 (2%)
1/111 (1%)
3/109 (3%)
1/109 (1%)
0/109 (0%)
0/72(0%)
2/115 (2%)
0/84(0%)
0/115 (0%)
0/115 (0%)
2/115(2%)
0/115 (0%)
1/115 (1%)

0.019 (Fisher's exact test)

0/233(0%)
0/231 (0%)
26/229 (ll%)b
8/229(3%)4/229(2%)
1/229 «1%)
15/218 (7%)
0/218 (0%)
3/207 (1%)1/207 «1%)
0/207 (0%)
3/132 (2%)
0/233(0%)
0/159 (0%)
3/232 (1%)
0/232(0%)
3/233 (1%)
4/233(2%)
3/233(1%)

vs. pooled controls.
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Table 13. Incidence of primary tumors in female hamsters administered short-range chrysotile asbestos.

Animals with primary tumorsSkin or subcutaneous tissue, all tumorsLung or trachea, all tumors
Adrenal

Cortical adenomaCortical carcinoma
PheochromocytomaOther tumors

Pancreas
Islet-cell adenomaIslet-cell carcinoma

ThyroidC-cell adenoma
C-cell carcinomaOther tumors

Parathyroid, adenoma
G.I. tract, all tumorsPituitary, all tumors
Kidney, all tumorsLiver, all tumorsLeukemia or malignant lymphoma
Hemangioma or hemangiosarcoma
Uterus, all tumorsAll other tumors

Pooledcontrols
66/472 (14%)
0/472 (0%)
0/471 (0%)
15/468 (3%)
0/468 (0%)
0/468(0%)
0/468 (0%)
15/456 (3%)
1/456 «1%)
6/440 (1%)
1/440 «1%)
2/440 «1%)
6/280 (2%)
5/472 (1%)
2/285 (1%)1/472 «1%)
0/472 (0%)
7/472 (1%)
2/472 «1%)
8/471 (2%)
6/472(1%)

Short-range
chrysotilecontrols

19/114 (17%)
0/114(0%)
0/114 (0%)
4/112 (4%)
0/112 (0%)
0/112 (0%)
0/112 (0%)
2/109 (2%)
1/109(1%)
2/107 (2%)
1/107 (0%)
2/107 (2%)
3/68 (4%)
1/114 (1%)
0/77 (0%)
0/114(0%)
0/114(0%)
2/114(2%)
0/114 (0%)
3/113 (3%)
3/114 (3%)

Short-range
chrysotile

28/228(12%)
3/228 (1%)
0/228 (0%)
8/226 (4%)
0/226 (0%)
3/226 (1%)
1/226 «1%)
2/217 (!%)•
0/217 (0%)
0/214 (0%)
0/214 (0%)
0/214 (0%)
3/139 (2%)
1/228 «1%)
0/132 (1%)
0/228 (0%)
0/228 (0%)
2/228(1%)
1/228 «1%)
5/226 (2%)
3/228(1%)

•p < 0.05 decrease relative to pooled controls (life table and incidental tumor test).

Table 14. Incidence of primary tumors in male hamsters administered intermediate-range chrysotile asbestos.

Animala with primary tumors
Pooled
controls

95/472 (20%)
Skin or subcutaneous tissue, all tumors 2/472 (< 1%)
Lung or trachea, all tumors
Adrenal

Cortical adenoma
Cortical ̂ reinomfl
PheochromocytomaOther tumors

PancreasIslet-cell adenoma
Islet-cell carcinoma

Thyroid
C-cell adenoma
C-cell carcinomaOther tumors

Parathyroid, adenomaG J. tract, all tumorsPituitary, all tumors
Kidney, all tumors
Liver, all tumors
Leukemia or malignant lymphoma
Hemangioma or hemangiosarcoma
All other tumors
•p < 0.01 vs. pooled controls.
*p < 0.05 vs. intermediate-range
«p < 0.05 vs. pooled controls.

0/470 (0%)
25/466 (5%)
13/466 (3%)
13/466 (3%)
6/466 (1%)
20/445 (4%)
1/445 «1%)
7/428 (2%)
3/428(1%)
1/428 «1%)
2/271 (1%)
6/472 (1%)
0/322 (0%)
4/470 (1%)
0/470 (0%)
8/472 (2%)
5/472 (1%)
5/472 (1%)

chrysotile controls.

Intermediate-
range

chrysotile
controls

26/116 (22%)
1/116(1%)
0/116 (0%)
7/115 (6%)
3/115(3%)
5/115(4%)
3/115(3%)
7/110 (6%)
0/110(0%)
3/106 (3%)
1/106(1%)
0/106 (0%)
1/71(1%)
1/116(1%)
0/77 (0%)
2/116 (2%)
0/116 (0%)
1/116 (1%)
0/116(0%)
0/116(0%)

Intermediate-
range

chrysotile
78/245 (32%)«.b
0/245 (0%)
1/244 «1%)
24/244 (10%X
7/244 (3%)
11/244 (5%)
1/244 «1%)
15/226 (7%)
1/226 «1%)
5/216 (2%)
4/216 (2%)
1/216 «1%)
4/138 (3%)
3/245(1%)
0/182 (0%)
1/245 «1%)
0/244 (0%)
10/245 (4%)
1/242 «1%)
2/245(1%)
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Table 15. Incidence of primary tumors in female hamsters administered intermediate-range chrysotile asbestos.

Animal* with primary tumors
Skin or subcutaneous tissue, all tumors
Lung or trachea, all tumors
AdrenalCortical adenoma

Cortical carcinoma
Pheochromocytoma
Other tumors

PancreasIslet-cell adenoma
Islet-cell carcinoma

Thyroid
C-cell adenoma
C-cell carcinomaOther tumors

Parathyroid, adenoma
G.L tract, all tumorsPituitary, all tumors
Kidney, all tumors
Liver, all tumors
Leukemia or malignant lymphoma
Hemangioma or hemangiosarcomaUterus, all tumonAll other tumon

Pooled
controls

66/472 (14%)
0/472 (0%)
0/471 (0%)
15/468 (3%) -0/468(0%)
0/468(0%)
0/468(0%)
15/456 (3%)
17456 «1%)
6/440(1%)
1/440 «1%)
2/440 «1%)6/280(2%)
5/472 (1%)
2/285(1%)
1/472 «1%)
0/472 (0%)
7/472(1%)
2/472 «1%)
8/471 (2%)
6/472 (1%)

Intermediate-range
chrysotile
controls

17/119(14%)
0/119 (0%)
0/119 (0%)
6/118(5%)
0/118 (0%)
0/118 (0%)
0/118 (0%)
5/116 (6%)
0/116 (0%)
3/115 (3%)
0/115 (0%)
0/115 (0%)
1/77 (1%)
2/119 (2%)
2/67 (3%)
1/119 (1%)
0/119 (0%)
0/119 (0%)
0/119(0%)
1/119(1%)
0/119 (0%)

Intermediate-
range

chrysotile
39/244(16%)
2/244(1%)
0/243 (0%)
18/234 (8%)«
1/234 «1%)
1/234 «1%)
0/234 (0%)
4/236 (2%)
0/236 (0%)
2/223(1%)
0/223 (0%)
U223 «1%)
1/148 (1%)
1/244 «1%)
2/164 (1%)
0/243 (0%)
0/234 (0%)
2/244 (1%)
1/244 «1%)
7/240 (3%)
2/244 (1%)

»p < 0.05 vs. pooled controls.

Table 16. Incidence of primary tumors in male hamsters administered 1,2-dimethylhydrazme dihydrochloride (DMH)
or intermediate-range chrysotile asbestos and DMH.

Animals with primary tumors
Skin or subcutaneous tissue, all tumon
Lung or trachea, all tumon
AdrenalCortical ad»nnm»

Cortical carcinoma
PheochromocytomaOther tumon

Pancreas
Islet-cell adenomaIslet-cell carcinoma

Thyroid
C-cell adenomaC-cell carcinoma
Other tumonParathyroid, adenomaGJ. tract, all tumon

Pituitary, all tumon
Kidney, all tumonLiver, all tumon
Leukemia or malignant lymphoma
Hemangioma or hemangiosarcomaAll other tumon

Pooledcontrols
95/472 (20%)
2/472 «1%)
0/470 (0%)
25/466 (5%)
13/466 (3%)
13/466 (3%)
6/466 (1%)
20/445 (4%)
V445«l%)
7/428 (2%)
3/428(1%)
1/428 «1%)
2/271 (1%)
6/472 (1%)0/322(0%)
4/470 (1%)
0/470 (0%)8/472 (2%)
5/472 (1%)
5/472 (1%)

•p - 0.257 (life table); p - 0.038 (incidental tumor test); p ->>p < 0.05 vs. pooled controls.

DMH and
intermediate-rangechrysotile

controls
27/119 (23%)
1/119 (1%)
0/119 (0%)
3/117 (3%)
4/117 (4%)
3/117 (3%)
2/117 (2%)
8/110 (7%)
0/110 (0%)
0/107 (0%)
0/107 (0%)
1/107 (1%)
1/64(2%)
2/119 (2%)
0/80(0%)
1/119 (1%)
0/119 (0%)
4/119 (4%)
3/119(3%)
3/119(3%)

DMH
29/127 (23%)
0/127 (0%)
0/126 (0%)
3/127 (2%)
2/127 (2%)
4/127 (3%)
0/127 (0%)
6/114 (5%)
0/114 (0%)
2/118 (2%)
0/118 (0%)
0/118 (0%)
0/81 (0%)
3/127 (2%)
0/87 (1%)
0/127 (0%)
2/127 (2%)
7/127 (6%)b
2/127 (2%)
1/127(1%)

DMH and
intermediate-range
chrysotile

51/173 (29% )«
1/173(1%)
0/173 (0%)
8/171 (5%)
7/171 (4%)
6/171 (4%)
1/171 (1%)
10/167 (6%)
1/167 (1%)
3/163 (2%)
1/163(1%)
0/163 (0%)
2/118 (2%)
4/173 (2%)
2/123 (2%)
0/173 (0%)
1/173 (1%)
8/173 (5%)2/173(1%)
4/173 (2%)

0.009 (Fisher's exact test) vs. pooled controls.
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Table 17. Incidence of primary tumon in female hi idminiatored 1,2-dimethylhydrazine dihydrochloride(DMH) or intermediate-range chrysotile asbestos and DMH.

Animals with primary tumorsSkin or subcutaneous tissue, ail tumors
Lung or trachea, all tumors
AdrenalCortical adenoma

Cortical carcinomaPheoehromocytoma
Other tumors

Pancreas
Islet-cell adenomaIslet-cell carcinoma

ThyroidC-cell adenomaC-cell carcinomaOther tumors
Parathyroid, adenoma
GJ. tract, all tumorsPituitary, all tumorsKidney, all tumors
Liver, all tumors
TAiikftTnin or tnaligrmnt lymphoma
HATTtflntfinmft or hAn^ftPfP<MiarCOinS
Uterus, all tumors
All other tumors

Pooled
controls

66/472 (14%)
0/472 (0%)
0/471 (0%)
157468 (3%)
0/468(0%)
0/468(0%)
0/468(0%)
15/456 (3%)
1/456 «1%)
6/440(1%)
1/440 «1%)
2/440 «1%)
6/280(2%)
5/472 (1%)
2/285(1%)
1/472 «1%)
0/472 (0%)
7/472 (1%)
2/472 «1%)
8/471 (2%)
6/472 (1%)

DMH andintermediate-range
ehrysotilecontrols

15/120(12%)0/120(0%)0/119 (0%)
3/120 (2%)0/120 (0%)0/120(0%)
0/120 (0%)
5/116 (4%)
0/116 (0%)
0/112 (0%)
1/112 (1%)
1/112 (0%)1/74 (1%)
1/120 (1%)
0/62(0%)
0/120 (0%)
0/119 (0%)
3/120 (2%)
1/120(1%)2/120 (2%)
1/120 (1%)

DMH
15/122 (12%)
1/122 (1%)
0/122 (0%)
2/120 (2%)
0/120 (0%)
0/120 (0%)
0/120 (0%)
2/119 (2%)
0/119 (0%)
0/108 (0%)
0/108 (0%)
0/108 (0%)
2/57 (4%)
2/122 (2%)
0/59 (0%)
0/122 (0%)
0/121 (0%)
2/122 (2%)
0/122 (0%)
2/116 (2%)
2/122 (2%)

DMH andintermediate-
rangeehrysotile

19/161 (12%)0/161 (0%)
1/160 (1%)
6/158 (4%)
2/158 (1%)
0/158 (0%)
0/158 (0%)
4/149 (3%)
V149 (0%)
0/141 (0%)
0/141 (0%)
0/141 (0%)0/91(0%)
0/161 (0%)
0/109 (0%)
0/161 (0%)
0/161 (0%)
3/161 (2%)
1/161 (1%)
2/156 (1%)
2/161 (1%)

Table 18. Incidence of gastrointestinal tract tumor* in hamaten administered amoaite aabeatoa.
Pooledcontrols

Stomach (number examined)
Squamous cell papillomaPapillomaSmall intestine (number examined)
Adenoma
Adenocarcinoma

Large intestine (number examined)
Adenoma
Papillary adenomaAdenocarcinomaLipomaRectum (number *»T«tnin««i)
AH^pftmq
Adenomatous polyp
Fibroma
Squamous cell papilloma

M
(464)

30
(467)
1
1

(464)
0
0
0
0

(472)
1
0
0
0

F
(468)

0
0

(469)
0
0

(468)
1
0
1
1

(272)
1
0
1
0

Amosita
controls

M
(120)
1
0

(120)
0
0

(118)
0
00
0

(122)
0
0
0
0

F
(117)

0
0

(117)
0
0

(116)
0
0
0
0

(119)
1
0
0
0

Amosite-
treated

M
(247)

40
(246)

0
0

(246)
01
0
0

(248)
01
0
0

F
(236)

0
3(236)
0
0

(235)
0
0
0
0

(237)
0
0
0
0

Males and females administered DMH did not
show a significant (p < 0.05) increase in intesti-
nal neoplasia. Nor did the intermediate-range
ehrysotile produce a higher rate of intestinal neo-plasia in DMH-dosed animals. A summary of all
gastrointestinal tumors observed in this study is
given in lables 18 and 19. None of the treated
groups showed an increased rate of neoplasia in

the gastrointestinal tract which was the proposed
target organ.

While this study was not designed to evaluate
nonneoplastic disease, noteworthy lesions were
observed. None appeared to be dosage related;
rather, they were consistent with lesions that are
normally found in aging hamsters. It was the
pathologists' opinion that the most important le-
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Table 19. Incidence of gastrointestinal tract tumors in hamsters administered chrysotile asbestos.

Pooled
controls

Stomach (number examined)
Squamous cell papUlomaCarcinoma in situ
Papillary aHamnma

Small intestine (number examined)
AdenomaAdenomacarcinoma

Large intestine (number examined)PapUlomaAdenomaPapillary adenoma
AdenocarcinomaLipoma
Adenomatous polypRectum (number examined)AdenomaPapillary adenomaFibrosarcoma
Squamous cell carcinoma
Fibroma

M
(464)

30
0

(467)
1
1

(464)
0
0
0
0
0
0

(472)
1
0
0
0
0

F
(468)0

0
0

(469)
0
0

(468)
0
1
011
0

(472)
1
0
0
0
1

Short-range
chrysotile
M

(222)
0
0
0(226)
0
0

(222)
0
0
0
0
0
0

(233)
0
0
0
0
0

F
(224)

0
0
0

(227)
0
0

(226)
0
0
0
1
0
0

(228)
0
0
0
0
0

Intermediate-
range

chrysotile
M

(244)
1
1
1

(244)
0
0

(241)
0
0
0
0
0
0

(245)
0
0
0
0
0

F
(242)

0
0
1

(244)
0
0

(243)
0
0
0
0
0
0

(244)
0
0
0
0
0

DMH
M

(127)
0
0
0

(127)
0
0

(126)
0
1
1
0
0
0

(127)
0
0
1
0
0

F
(118)

0
0
0

(120)
0
0

(118)
0
0
0
0
01

(122)
0
0
0
1
0

DMH andIntermediate-
range

chrysotile
M

(170)
2
0
0

(170)
0
0

(170)
1
0
0
0
0
0

(173)
01
0
0
0

F
(160)

0
0
0

(159)
0
0

(159)
0
0
0
0
0
0

(161)
0
0
0
0
0

sion, responsible for many deaths, was general-
ized amyloidosis. The kidneys were particularly
affected by diffuse accumulation of amyloid,
which replaced glomeruli and infiltrated tubular
interstitium to a point where the normal cortical
architecture was obliterated. Other organs which
showed significant accumulations of amyloid
were adrenal gland, liver, spleen and the epithe-
lium of the small intestine. Amyloid within the
walls of blood vessels was observed in many tis-
sues.

Many of the livers were cirrhotic, infiltrated
with amyloid, and contained large cystic struc-
tures filled with a lightly staining proteinaceous
fluid. These structures were interpreted as cystic
bile ducts and are consistent with what others
have termed "retention cysts." At times, these
cysts were so large and/or numerous that less
than half of the livers remained.

Other nonneoplastic lesions that were observed
in more than 5% of the hamsters in any of the
experimental groups are as follows: (1) skin,
chronic dermitis; (2) lung, interstitial pneumoni-
tis; (3) spleen, lymphoid atrophy; (4) lymph node,
hyperplasia; (5) heart, atrial thrombosis; (6) gall-
bladder, edema and calculi; (7) stomach (nonglan-
dular), hyperkeratosis or acanthosis; (8) colon,
intussusception, inflammation; (9) urinary blad-
der, chronic inflammation, hyperplasia; (10) adre-
nal gland, cortical and medullary hyperplasia;
(11) thyroid gland, follicular atrophy; (12) pitui-

tary gland, degeneration; (13) ovary, atrophy;
(14) uterus, inflammation, endometrial hyperpla-
sia; (15) vagina, acute inflammation, squamous
metaplasia.

Discussion
The clinicopathologic results in this study

showed that the chronic ingestion of 1% amosite
(8) or chrysotile (SR and IR) (9) asbestos in the
diet did not have any adverse effect on body
weight gain and survival seemed to be enhanced.
An explanation for these observations is not ap-parent.

The major organ which showed a statistically
significant (p < 0.05) increased rate of neoplasia
was the adrenal cortex in male and female ham-
sters exposed to IR chrysotile asbestos and males
exposed to SR chrysotile asbestos when compared
with pooled controls. However, statistical signifi-
cance was lost when these groups were compared
to their temporal controls. It is difficult to imag-
ine how oral asbestos, even though it is known to
be absorbed through the gastrointestinal tract
(10), could cause an increased tumor rate in the
adrenal cortex without causing similar increases
in tumors in other abdominal organs and tissues,
i.e., gastrointestinal tract and peritoneum. For
these reasons, the biologic importance of adrenal
tumors in this study is doubtful. The overall in-
crease in total primary tumors in male IR chryso-
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tile hamsters can be explained primarily on the
basis of an increased incidence of adrenal tumors
in this group. The enhanced survival of animalsin the chrysotile groups also contributed to the
elevated incidence of primary tumors observed in
these groups compared with controls.
The only other instance of an increased rate of

neoplasia was a significant (p < 0.05) increase in
leukemia or malignant lymphoma in male ham-sters exposed to DMH when compared to pooled
controls. Again, statistical significance was lost
when this group was compared to its temporal
control group. This finding also loses importance
because it was not observed in the DMH plus IR
chrysotile group.

Other such studies involving the long-term in-
gestion of asbestos are few. Donham et al. (11)
reported equivocal results in F344 rats which
were fed a diet containing 10% chrysotile for their
lifetime. While they did not observe a statistically
significant (p < 0.05) increase in the number of
tumors in exposed animals, the authors believed
that there was a trend toward increased colon
lesions in general, evidence of penetration of as-
bestos into the colonic mucosa and possible cyto-
toxicity to colonic tissues and they suggested a
possible relationship to peritoneal mesothelioma.
Another equivocal study is that reported by Gibel
et al. (12), who described an increase in malig-
nant tumors in the lung, kidney, liver and reticu-
loendothelial system, but no increase in intesti-
nal neoplasia in Wistar rats fed asbestos filter
material (20 nig/day) for a period of 8-14 months.
Cunningham et al. (13) reported two studies in
male Wistar rats administered 1% chrysotile in
the diet, one study of 24 months and one of 30
months. No increase in intestinal tumors was
found compared to the control rats. Negative
results were reported by Gross et al. (14), who fed
rats a diet containing 5% chrysotile asbestos for a
period of 21 months with no evidence of intestinal
neoplasia.

The only oral asbestos study in hamsters was
reported by Smith et al. (15). They exposed
groups of 30 male and female hamsters via drink-
ing water for lifetime to amosite asbestos, mine
tailings, beach rock, and Lake Superior drinking
water. They did not observe adverse effects on
body weight or survival time in any of the groups.
A peritoneal mesothelioma, one pulmonary carci-
noma, and two early squamous cell carcinomas of
the nonglandular stomach were found in the
hamsters exposed to amosite, but the incidence
was not statistically significant (p < 0.05). Their
other studies were considered negative. They con-
cluded that the study was essentially negative.

Except for those by Donham et al. ( 1 1 ) and
Smith et al. (15), these studies were conducted
with relatively small numbers of animals. Also,
some were conducted for periods of time insuffi-
cient for adequately testing the carcinogenic po-
tential of ingested asbestos.

The results of the combination study (IR chrys-
otile plus DMH) also did not yield a significant
increase in tumors above the background level
observed in the DMH group alone or in the un-
treated control group. The DMH failed to yield a
background level of intestinal tumors highenough to provide a valid test of the cocarcino-
genic potential of chrysotile asbestos. For this
reason, a cocarcinogenic potential of oral asbestoi
should be considered untested. However, the
DMH plus chrysotile provides an additional IR
chrysotile group for comparative purposes.
It is not clear why the DMH-dosed group of

hamsters failed to show an increased incidence of
intestinal neoplasia. The pilot study suggested
that this dose of DMH should have caused an
incidence of approximately 15%. DMH solutions
rapidly decompose if they are at room tempera-
ture or if they are not properly buffered.

The only long-term study designed to deter-
mine the cocarcinogenic potential of asbestos was
reported by Ward et al. (16). They administered 1
mg amosite asbestos in saline by gavage to 6-
week-old F344 rats three times per week for 10
weeks. Once per week during this same period,
half of the rats received subcutaneous injections
of 7.4 mg/kg azoxymethane (AOM), a known in-
testinal carcinogen in animals. All surviving rats
were killed at 94-95 weeks of age. They reportedan intestinal tumor incidence of 66.7% for AOM
alone, 77.1% for amosite plus AOM, and 32.6% for
amosite alone. The authors concluded that whileamosite did not significantly add to the incidence
of AOM-induced intestinal neoplasia, amosite
alone caused a relatively high rate of intestinal
neoplasia. However, there was no untreated con-
trol group with which to compare the treated
groups. These results should as well be viewed
with some suspicion because the authors also
reported a 14% incidence of Zymbal gland tumors
in the rats exposed to amosite alone. The histori-
cal rate of Zymbal gland tumors in the Bioassay
Program is 0.34%, indicating that this is an un-
common spontaneous tumor. However, AOM is
known to induce Zymbal gland tumors with a
single dose of 5.1 mg/kg in male F344 rats produc-
ing a 14% incidence of tumors in this organ (17);
in this study 5.1 mg/kg AOM also caused a 24%
incidence of intestinal neoplasia. An appropriate
explanation for the high incidence of Zymbal
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gland tumors in the amosite group would be that
those animals were inadvertently exposed to
AOM. If this occurred, anjrnals would also be
expected to show a high incidence of intestinal
neoplasia.
Conclusion
Under the conditions of this bioassay, amosite

asbestos and short-range chrysotile and interme-
diate-range chrysotile asbestos were not carcino-
genic when ingested by male and female Syrian
golden hamsters. While there were significant
increases in the rates of adrenal cortical adeno-
mas in male and female hamsters exposed to
intermediate-range chrysotile asbestos compared
with pooled control groups, these incidence rates
were not significantly different when compared
with the temporal control groups. Additionally,
the biological importance of adrenal tumors in
the absence of target organ neoplasia is question-
able. The cocarcinogen studies using IR chryso-
tile asbestos and 1,2-dimethylhydrazine dihydro-
chloride were considered inadequate because
there was no increase in intestinal neoplasia in
the DMH group.

The animal phase of this study was performed at the ITT
Research Institute, Chicago, IL. This project has been funded
with federal funds from the National Institute of Environmen-
tal Health Sciences (NTH), Department of Health and Human
Services, Research Triangle Park, NC, under contract #NO1-
ES-5-2157. Partial fanning Was provided by the Environmen-
tal Protection Agency under Interagency Agreement No.
D70756.
The research described in this paper has been peer and

administratively reviewed by the U.S. Environmental Protec-
tion Agency and approved for presentation and publication.
Mention of trade names or commercial products does not
constitute endorsement or recommendation for use.
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Chronic Effects of Dietary Exposure toAmosite Asbestos and Tremolite in F344 Rats
by Ernest E. McConnell,* Henry A. Butter,* Borge M. Ullantfand John A. Moore*

Carrinogenesia bioassays of blocky (nonfibrous) tremolite and amosito asbestos aloneor in combination with the intestinal carcinogen 1,2-dimethylhydrazine dihydrochloride
(DHH) were conducted with male and female Fischer 344 rats. The minerals were
administered at a concentration of 1% in pelleted diet for the entire lifetime of the ratsstarting with the dams of the test animals. One group of amosite rats also receivedchrysotile asbestos via gavage during lactation. Group sizes varied from 100 to 250
The offspring from mothers exposed to tremolite or amosite asbestos were smaller at

weaning titan those from untreated mothers and remained smaller throughout their life.The administration of dimethylhydrazine (DMH) did not affect body weight gain, either inamosite-exposed or nonexposed anim«i«- Survival was comparable in the tremolite and
control groups. The amosite-exposed rats showed enhanced survival compared to the
untreated controls. DMH exposure reduced survival by approximately one year, al-though the amosite plus DMH groups survived slightly better than the DMH alonegroups.

No toxicity or increase in neoplasia was observed in the tremolito-exposed rats com-pared to the controls. Significant increases (p < 0.05) in the rates of C-cell carcinomas ofthe thyroid and monocytic (mononuclear cell) leukemia in male rats were observed in
amosite-exposed groups. However, the biological significance of the C-cell carcinomas inrelation to amosite asbestos exposure is discounted because of a lack of significance when
C-cell adenomas and carcinomas were combined and the positive effect was not observedin the amosite plus preweaning gavage group. The biological significance of an increased
incidence of mononuclear cell leukemia is questionable, because of a lack of statisticalsignificance in the amosito group when evaluated using life table analysis, lack of
significance when compared to the tremolite control group, and the fact that no toxic or
neoplastic lesions were observed in the target organs, Le., gastrointestinal tract andmesothettnm.

DMH caused a high rate of (62-74%) of intestinal neoplasia in amosite and nonamosite-expoaed groups. Neither an enhanced carcinogenic nor protective effect was demon-
strated by exposure to amosite asbestos.

Introduction
In November 1973 the National Institute of

Environmental Health Sciences and the Environ-
mental Protection Agency cosponsored a sympo-
sium on the possible biological effects of ingested
asbestos. (1). This conference concluded that a
paucity of definitive data existed concerning the

The National Tbxicology Program, National Institute of
Environmental Health Sciences, P.O. Box 12233, Research
Triangle Park, NC 27709.

tHazelton Laboratories America, Inc., 9200 Leesburg Pike,Vienna, VA 22180.

effects of ingested asbestos and that specific re-
search was needed.

A subcommittee of the DHEW Committee to
Coordinate Toxicology and Related Programs was
established to review existing data and to prepare
a draft research protocol that would be responsive
to the possible public health implication of in-
gested asbestos. This protocol was widely distrib-
uted for comment within and outside the govern-
ment and a public meeting of the subcommittee
was held on February 11, 1975. On the basis of
the comments received, a revised final protocol
was developed which called for the use of long-
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term ?pimal toxicology studies to evaluate the
ingestion of several minerals for carcinogenic ef-
fect. As a result, the National Toxicology Program
has investigated the carcinogenic potential of the
ingestion of chrysotile asbestos in hamsters and
rats, amosite asbestos in hamsters and rats, cro-

Table 1. Fiber characteristics of amosite asbestos.
Fiber characteristics_________.___________.
Surface area, mVg 4.13
Density, g/aa.3 3.35 ± 0.026 3D
Measurements, transmission electron microscopy

Fiber count/g 0.3466 x IQio
Median length (jun) 4.37Range of length, urn 0.85 - 995
Median diameter, |im 0.72Range of diameter, tun 0.064 - 12.4
Median fiber aspect ratio (l/d)_____ 6.4248______

Table 2. Chemical-instrumental analysis of amoaiteasbestos.
Content, wt-%

A1203CaOFeOFejOaMgO
K20Si02NajOMnO
Cr203NiO
H20-HjO*Benzene extracted organics

0.42
0.48

34.61
2.24
6.22
0.30

50.36
0.032.66
0.03
0.010.880.15
2.30
0.021

cidolite asbestos in rats and tremolite in rats. All
of the studies were to encompass the lifetime of
the animal, including exposure of the dams fromwhich the test animals were derived.
Crystalline tremolite (not actually in asbestos

fiber) was chosen for this study because up to 20
years ago it was a common contaminant of talc
which was used in foods and phannaceuticals.
The grinding of tremolite in preparation for its
intended use may result in the production of
fibers which have the morphology of asbestos
minerals. Stanton et al. (2), in reviewing intra-
pleural mineral deposition studies, speculated
that the asbestos mineral hazard question may bf
directly related to fiber size in contrast to chemi->,
cal composition. Therefore, the study of crystal-
line tremolite was deemed appropriate because of
its past widespread exposure and the fact that it
assumes fiber characteristics when ground in theprocessing of talc.
This report represents the results of those stud-

ies undertaken to determine the effects of tremo-
lite or amosite asbestos in the diet fed to Fischer
344 rats. In addition, the study was designed to
determine if the feeding of amosite asbestos modi-
fied the response of a known intestinal carcino-
gen, 1,2-dimethlhydrazine dihydrochloride(DMH). Reports on chrysotile and crocidolite as-
bestos will be reported later.
Materials and Methods
Test Materials

Asbestos is a general term applied to certain*
natural silicates when they appear in a fibrous

Table 3. Particle size distribution of amosite asbestos by particle number: SEM.
Length interval, \un

Amosite mean width, nm
Amosite particles per intervalTotal amosite particles, %Cumulative % amosite
Amosite, vol-%*
Cumulative volume-% amositeNumber of other particles
Amosite particles per
length interval by aspect ratio, %1:1-2.9:1

3:1-1.9:1
5:1-9.9:1

10:1-19.9:1
20:1-49.9:1
50:1-99.9:1

100:1-199:1
200:1-499:1

>500:1

0-1.99
0.28

57
5.6
5.6-
_
11

12
34
43
11
0
0
0
0
0

2-3.99
0.38
126
12.3
17.9
0.1
0.1

8

0
10
52
34

4
0
0
4
0

4-5.99
0.45

88
8.6

26.5
0.3
0.4
1

0
6

23
52
18
10
0
0

6-7.99
0.45

78
7.6

34.1
0.4
0.8

0

0
5

14
38
41

2
0
0
0

8-9.99
0.48

52
5.1

39.2
0.4
1.21

02
4

40
54

0
0
0
0

10-19.99
0.52
181

17.7
56.9

2.4
3.6
1

0
0
1

21
64
12
2
0
0

20-39.99
0.51
184

18.0
74.9
5.0
8.6

0

0
0
1
1

30
55
12
1
0

Calculated from particle number data, assuming rectangular cross section with third dimension equal to Vz measured width.
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form. Amosite is a fibrous member of the amphi-bole mineral group, its chemical structure is
(Fea*Mg)7Si8Oj2 (OH)2. Mineral and fiber charac-
teristics of amosite are shown in Tables 1-3.

The amosite sample identified as S-33 was pur-
chased by the Bureau of Mines from the AtlasAsbestos Company, Montreal, Quebec, Canada.This material is from a mine in the area known asPenge, in the Transvaal, Republic of South Africa.
Not a proper mineral name, amosite is a term
used to describe the material from asbestos mines

Table 4. Fiber characteristics andchemical-instrumental analysis of tremolite.
Fiber characteristicsSurface area, mVg

Density, g/cm3
Analyses, wt-%

AljO*
CaO
FeoO*MgOKjO
SiOj
NajOTiOjMnO
Li2OSnOSrO
BijOo
CO,HjO-
HjO+Benzene-extracted organics

5.2 s 0.52.91 ± 0.01 SD
1.57

11.26
0.27

26.71
0.18

54.00
0.80
0.03
0.05
0.02
0.01
0.03
0.01
0.78
0.24
3.73
0.003

in South Africa. To develop homogeneity of the
sample the amosite was processed by a single pass
through an air jet mill.The temolite sample used in this study was
obtained from a single lense from the Governeur
Talc Company, Governeur, NY. This 1200-lb lense
was taken from the 500 ft level, American vein,
No. 4 footwall stope, lower portion of the footwallbedding. The lense was crushed in a Denver Jaw
Crusher and then to minus 14 mesh in a roll
crusher. This material was then wheeler-milledat 204°C and bagged in 50-lb Kraft bags. The finalparticle size was nominal minus 325 mesh. To
develop homogeneity of the sample, approxi-
mately 960 Ib tremolite was blended in a 10 ft3 V-
type blender. Mineral and fiber characteristics oftremolite are shown in Tables 4 and 5.

After final blending the samples were weighedto 25 ± 0.5 Ib and placed in fiberboard drums.
These drums were shipped to a special warehouseat Research Triangle Park, NC. Each drum re-
ceived a color marking unique to the mineral
type. Homogeneity of the samples was verified by
fluorescent X-ray spectrography for samples col-
lected from six randomly selected drums. No sig-
nificant differences were detected.
The homogeneity of the samples and the physi-

cal and chemical properties of the materials were
characterized by the Bureau of Mines, U.S. De-
partment of the Interior (Supt. of Documents No.
I 28.23:8452) and by the Fine Particle Laborato-
ries, Illinois Institute of Technology Research In-

Table 5, Particle size distribution for tremolite by particle number: SEM.
Length interval, \an

0-0.99 1-1.99 2-2.99 3-3.99 4-4.99 5-5.99 6-6.99 7-7.99 8-8.99 9-9.99 >10
Mean width, \tm
Number of particles per interval
% of all particles per interval
Cumulative % of all particles
Tremolite particles per interval
% of tremolite particles
Cumulative % tremolite
Talc-serpentine particles per interval
Other particles per interval
Tremolite particles
per length interval,
by aspect ratio, %*•"

1:1-2.9:1
3:1-4.9:1
5:1-9.9:1

10:1-19:1
20:1-49:1
50:1-99:1

100:1-199:1

0.48
59
6.8
6.8
34
5.5
5.5

9
16

100
0
0
0
0
0
0

0.88291
33.4
40.2
197

32.0
37.5

72
22

92
8
0
0
0
0
0

0.97
194

22.3
62.5
128

20.8
58.3

53
10

75
22
3
0
0
0
0

1.51
106
12.2
74.7

83
13.5
71.8

19
4

67
29
4
0
0
0
0

2.05
53
6.1

80.8
38

6.2
78.0
11
2

76
18
6
0
0
0
0

2.19
40

4.6
85.4

27
4.4

82.4
9
4

67
30
3
0
0
0
0

2.79
313.6

89.0
23
3.7

86.1
8
0

65
30

5
0
0
0
0

3.29
19

2.2
91.2

15
2.4

88.5
4
0

66
20

7
7
0
0
0

2.96
9

1.0
92.2

9
1.5
9.0

0
0

67
22
11
0
0
0
0

3.13
13
1.4

93.6
12

2.0
92.0

1
0

30
35
35

0
0
0
0

5.22
58

6.4
100

49
8.0
100

7
2

35
37
18

4
4
0
2

•Data for aspect ratio obtained from a second set of measurements.
'Total particles * 871, total tremolite = 615, total talc-serpentine = 193, and total other = 63.
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stitute, Chicago, IL (Special Report and Adden-dum on project L6085, contract N01-ES-5-3157).
Copies of these reports are available upon requestfrom the National Tbxicology Program.
Test Diets

The feed used was NIH-31 open formula rodent
diet prepared by Zeigler Brothers, Inc., Gardner,PA. Tremolite or amosite asbestos was incorpora-ted to a level of 1% by weight into the test diet.
All feed was pelleted with a Sprout-Waldron pel-leter; the pellets were of oval configuration, 3/s in.
by 3/4 in. in size. Pelleted feed was packaged in 25-
Ib aliquots in standard paper feedbags which
were color coded to minimize the occurrence of
feeding errors at the test laboratory.Each lot of blended feed was analyzed for tre-molite or amosite asbestos concentrations, pesti-
cide contamination and nutrient content.

1% Chrysotile (Medium Range) Gavage.* The
required amount of chrysotile (medium range), agray powder with lumps, was weighed on a Met-tler balance and placed hi a beaker. Sterile water
(for injection) was added to obtain the desiredconcentration and the suspension was then mixedin a magnetic stirrer for a short period of time.
The suspension was administered by gavage, at a
dose level of 0.47 mg/g of body weight, to the
amosite and preweaning gavage (PWG) animalsfrom birth to weaning (21 days).
Source and Specifications of TestAnimals
Parental Generation (F^. Weanling Fischer

344 (caesarean-derived) rats, which were barriersustained and specific pathogen-free, were pur-
chased from Charles River Breeding Laborato-
ries, Inc., Wilmington, MA. These animals consti-tuted the F0 generation.On arrival, ?nimala were taken directly to the
quarantine area and acclimated to laboratory
conditions for approximately 2 weeks. At 24 hr
after the animals arrived, eight animals of each
sex were selected, sacrificed, and pathogen bur-
den was determined for each animal. Pathogens
examined for included ectoparasites, intestinal
parasites, and bacteria. Serological tests were
conducted for viruses. After approximately 2
months of quarantine the rats, both males and
females, were randomized and divided into testgroups by a computerized randomization process
and placed on the appropriate designated diets.
•Animals were to receive 1% amosite, but were inadver-

tently gavaged with 1% chrysotile.

After at least 7 days exposure to the appropri-ate diets, the rats were placed in breeding cages(one male to two females). During the breeding
period, the rats continued to be fed the designateddiets; 20 days later (on the average), females wereseparated and housed individually in polycarbo-nate cages (Hazleton Systems, Aberdeen, MD).Males were removed from the breeding cages and
re-housed two per cage.Filial Generation (F,). The F0 females were
allowed to deliver their Ft litters naturally, andthese were reduced to no more than eight pups(four/sex if possible) per litter. At birth, the littersfrom the FQ dams within the control and treatedgroups were assigned randomly to the cornspending lifetime feeding phase groups such tha£**"birth dates were equally distributed. All pupsassigned to the amosite and preweaning gavage(PWG) groups were exposed to the PWG phase of
the study to assure exposure to asbestos frombirth to weaning.

At 21 days after birth, the pups were weanedand given a temporary number, then selected,using a random number table, to be placed in
their respective groups for the lifetime feeding
study. Litters in which only one sex was presentwere excluded from those animals to be selected.The extra weanlings were discarded.

At 8 weeks of age, 1,2-dimethylhydrazine dihy-
drochloride (DMH) was administered by gavage
to a control group and an amosite group every 14days for a total of five doses. Males received 7.5mg/kg, and females 15.0 mg/kg, based on a pre-vious pilot study (3) which showed that thests^
doses produced an approximate incidence of 15%
intestinal neoplasia. Concentrations of DMH in
the dosing solutions were determined within one
hour prior to dosing and following dosing. Theresults of these determinations showed that the
proper concentration of DMH was present in thedosing solution and had not deteriorated duringdosing.

Animal Maintenance
The control and mineral exposed rats were

placed in separate rooms with monitored temper-
ature and humidity, and a controlled light cycle
(12 hr light/12 hr dark). Temperature was main-
tained at 74 ± 4°F and humidity at 50% ± 10%.
The rats were housed three per cage in polycarbo-
nate cages covered with nonwoven polyester filter
sheets and stored on Enviro-racks. Racks and
filters were changed approximately once every 2
weeks. Cages and bedding were replaced twice
per week. Control and treated diets and tap water
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via automatic waterers were available ad libi-
tum. Two water samples were collected and sub-mitted for asbestos analysis. Stainless steel feedcontainers were changed once every 2 weeks.

The incoming air in the animal rooms was
filtered to remove particulate matter. Ten to fif-teen changes of room air per hour were provided.
Prior to initiation of the study, air samples were
collected and analyzed for baseline asbestos de-
terminations. Additional samplings were col-lected approximately every 6 months for analysis
to assure personnel safety.

Other measures used for personnel protection
included the wearing of fully protective disposa-
ble suits, gloves, boots and bouffant caps and the
use of a dust/mist respirator mask. Personnel
leaving the animal rooms were required to take
showers. In addition, physical examinations, in-
cluding pulmonary function tests and chest radio-
graphs, were conducted at the initiation of the
study, yearly thereafter, and at the end of the
study.

Clinical Examinations and Pathology
Observations and Records. All animals were

observed twice daily for moribund condition and
mortality. Recorded weekly were individual body
weights; signs of toxicity or phannacologic ef-
fects; incidence, size and location of palpable tis-sue masses or nodules; and food consumption per
cage.

Sacrifice and Gross Pathology. Animala were
sacrificed when exhibiting any one of these condi-
tions: palpable masses within the abdominal cav-
ity (excluding retained testea); masses protruding
from the rectum; rectal discharge of bright red
fluid (an indication of the presence of a bleeding
colonic or rectal neoplasm); large ulceratedmasses in the area of the ears or on side of face
(Zymbal gland tumors); large subcutaneous
masses which have been ulcerated or infected;
masses which interfere with breathing and eating
or which severely hamper locomotion; huge tissue
masses (>10 cm); central nervous system signs
accompanied by weight loss (head tilt, circling
incoordination, ataxia, paralysis); severe weight
loss or emaciation; or comatose or very weak.When the remaining animals of either the con-
trol and DMH or the corresponding amosite and
DMH group of either sex was reduced to 10% of
those starting the study, both groups within that
sex were killed. When survival or untreated con-
trol or amosite or amosite and PWG group of
either sex reached 10%, all remaining animals of
these groups within that sex were killed. The

tremolite-exposed groups were handled similarly.
Animals were killed by exsanguination under
sodium pentobarbital anesthesia (Nembutal, Ab-
bott Laboratories, Inc., North Chicago, EL, or
Diabutal, Diamond Laboratories Inc., Des
Moines, IO). Final body weights were recorded
and necropsies performed which included these
additional procedures: blood smears taken from
animals sacrificed in extremis or terminally sacri-
. need, touch preparations made from any enlarged
spleen or lymphoid organ.
Since the gastrointestinal tract was considered

as the target organ prior to the study, it was
handled in a manner slightly different from that
in standard rodent lifetime bioassays. Prior to
placement in fixative, the entire esophagus was
opened and examined. The stomach and cecum
were opened and pinned with the exterior surface
adjacent to paper, 2-cm lengths of duodenum and
ileum and two portions of jejunum were placed
unopened in fixative. The remaining small intes-
tine was opened and washed gently with saline
and the mucosal surface was then examined care-
fully using transillumination on a radiograph
viewing box. Suspect lesions were processed sepa-
rately and identified individually as to location.
Likewise, the entire colon with anus was opened,
examined, and placed on cardboard (serosal sur-
face down) prior to fixation. The size and location
of masses were recorded. Masses greater than 1
mm in diameter were removed as separate speci-
mens for processing. After fixation and prior to
embedding, the colon was "carpet-rolled'' starting
at the proximal end, with the mucosal surface
inward.

All tissues were fixed in 10% neutral buffered
formalin, sectioned, and stained with hematoxy-
lin and eosin. Tissues/organs examined micro-
scopically were: tissue masses, the above-men-
tioned portions of gastrointestinal tract,
mesenteric, celiac, iliocolonic, renal, iliac, mandi-
bular, cervical, pancreatic and bronchial lymph
nodes, mammary gland, salivary gland, thigh
muscle, bone marrow (sternum), nasal cavity
with turbinates, larynx, trachea, lungs and bron-
chi, heart, thyroid, parathyroid, liver, pancreas,
spleen, kidneys, adrenal glands, urinary bladder,
seminal vesicles/prostate, testes/epididymus, ova-
ries/uterus, brain, pituitary gland, eyes and spi-
nal cord.

Data Recording and Statistical
Methods

The individual animal pathology data on this
experiment were recorded in the computerized
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carcinogenesis bioassay data system. The dataelements include descriptive information on thechemicals, animals, experimental design, clinicalobservations, survival, and individual pathologic
results.Probabilities of survival were estimated by the
product-limit procedure of Kaplan and Meier (4).Animals were statistically censored as of the time
that they died of other than natural causes or
were missing; animals dying from natural causes
were not statistically censored. Differences in sur-vival were evaluated by Cox's (5) life table
method.

The incidence of neoplastic or nonneoplastic
lesions is given as the ratio of the number ofanimals bearing such lesions at a specific ana-
tomic site (numerator) to the number of animals
in which that site was examined (denominator).In most instances, the denominators included
only those animals for which that site was exam-
ined histologically. However, when macroscopic
examination was required to detect lesions (e.g.,skin or mammary tumors) prior to histologic sam-
pling, or when lesions could have appeared at
multiple sites (e.g., leukemia), the denominatorsconsist of the numbers of animals necropsied.

For the statistical analyses of tumor incidencedata, two methods of adjusting for intercurrent
mortality were employed. Each used the classicalmethods of combining contingency tables devel-oped by Mantel and Haenszel (6). The first
method of analysis assumed that all tumors of agiven type were fatal; i.e., they caused the deathof the animal, either directly or indirectly. Ac-
cording to this approach, the proportions of tu-mor-bearing animals in the treated and control
groups were compared at each point in time at
which an animal died with a particular tumor.
The denominators of these proportions were thetotal number of animals at risk in each group.
These results were then combined by the Mantel-
Haenszel methods to obtain an overall probability
(p) value. This method of adjusting for intercur-
rent mortality is Cox's life table method (5).
The second method of analysis assumed that all

tumors of a give type were "incidental"; i.e., they
were merely observed at autopsy in animal dying
of an unrelated cause. According to this approach,
the proportions of male and female rats found to
have tumors in treated and control groups were
compared in each of five time intervals: 0-60
weeks, 61-86 weeks, 87-112 weeks, 113-126
weeks and beyond 126 weeks. The denominators
of these proportions were the number of animals
actually autopsied during the time interval. The

individual time interval comparisons were thencombined by the previously described methods toobtain a single overall result (7). For comparisonsinvolving groups receiving DMH (which showed
markedly reduced survival), somewhat shorter
time intervals were utilized for the incidental
tumor test: 0-52 weeks, 53-78 weeks, 79-92weeks, 93-116 weeks (males), 93-102 weeks (fe-
males), beyond 116 weeks (males) and beyond 102weeks (females).
In addition to these tests, one other set of statis-

tical analyses was carried out for each primarytumor the Fisher exact test based on the overall
proportion of tumor-bearing animals (8). All re-
ported p values are one-sided. Except when
noted, the three alternative analyses gave simî *lar results.
Results
Establishment of Test Groups

The experiment was designed to evaluate the
effects of orally ingested tremolite or amosite
asbestos during the entire life of the animal,
starting from the time the rats were able to eat
solid food. For this reason, the mated female ratshad been on the test diets for approximately 12weeks when the first litters were born. To mini-
mize the chance that the mothers would reject orcannibalize their young, the litters were not han-
dled during lactation, except for the group receiv-
ing asbestos via preweaning gavage.
Litter size and survivability of offspring were

unaffected by the presence of amosite in the diets^
The average number of live fetuses born to tremo-
lite-exposed dams was 7.6 versus 7.8 for the con-
trol groups. The average number of live fetuses
born to amosite-exposed dams was 8.5 versus 7.7
for the control groups. Significant mortality was
induced in those pups which received the pre-weaning asbestos gavage (PWG). The average
size of the litters in this group was 3.4 at weaning
compared to 7.5 in the non-PWG amosite group.
The average weight at birth of the tremolite-
exposed pups was 4.7 g versus 4.8 g for the con-
trols. The average weight at birth of the amosite-
exposed pups was 4.7 g versus 4.8 g for the
controls. The tremolite-exposed offspring were
slightly smaller at weaning, 22.8 g versus 26.3 g
(control). The amosite-exposed offspring were also
slightly smaller at weaning, 23.2 g versus 27.4 g
(control).

A summary of groups, number of animals and
diets for the filial (Ft) animals is presented in
Table 6.
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Table 6. Summary of distribution and diets: a lifetimefeeding study of tremolito or amoaite asbestos in rats.

No. of animaU
Test group
Control
Tremolite
Control
DMH
AmositeAmosite + DMH
Amosite + PWGb

Male
118
250
117
125
250
175
100

Female
118
250
117
125
250
175
100

% of diet
0
1
0
0111

DMH
Male

—
7.5_
7.5

, mg/kg»
Female

_
15.0
_

15.0

•Gavage with 1,2-dimethylhydrazine dihydrochloride.b Animal was inadvertently gavaged during preweaning
with intermediate (medium >-range chrysotile instead of amo-
site.

Clinical Signs
The incidence of clinical signs occurred at es-

sentially comparable frequencies throughout the
study groups except those that received DMH (see
below). No distinct signs of compound effect were
noted in any of the tremolite- or amosite-treated
animals during the first 52 weeks of study. As the
study proceeded, the incidence of clinical signs
increased among all the groups. At intervals
where there were a large number of moribund
sacrificed animals in any one particular group,
the clinical signs most frequently observed were
supportive of the conditions for moribund sacri-
fice previously outlined in the Methods section. A
comparison of clinical signs observed during the
same selected intervals among all the groups
revealed a larger number of palpable abdominal
masses, tissue masses, and central nervous sys-
tem signs, a well as red discharge and protruding
masses from the rectum in the DMH and amosite
and DMH groups. These findings were presum-
ably due to the administration of DMH since they
were not clinically observed with any frequency
in any of the tremolite- or amosite-treated groups.

Body Weight and Food Consumption
Mean body weights were analyzed at selected

intervals: birth, 3, 8,11,15, 24, 33, and 60 weeks
for the males, and birth, 3,8,1 1 , 16,27,48 and 60
weeks for the females by the method of Rao (9).
The data revealed a 13% depressed mean body
weight gain at weaning in both sexes of the tre-
molite groups and 15% in the amosite groups
compared to the controls. The depressed weight
gain in the tremolite- and amosite-exposed rats
was more apparent at 8 weeks of age (tremo-
lite:33% for males and 17% for females; amosite:
37% for males and 25% for females). Weight gain

then paralleled the controls (except for DMH-
exposed rats) for the remainder of the study but
the mineral-exposed rats remained smaller
throughout the study. Both male and female
DMH-exposed groups gained less than their re-
spective controls.
In the tremolite-exposed males and females,

the average weekly food consumption was 97%
that of the untreated controls. In the DMH, amo-
site, amosite and DMH, and amosite and PWG
males, the mean weekly food consumption was
102%, 102%, 105%, and 107%, respectively, com-
pared to the untreated control group and 98%,
101%, 105%, and 108% that of the untreated
control for comparable groups of females.
Survival
Survival data of intervals prior to the final

sacrifice of a group are summarized in Table 7.
There were no significant differences in survival
between the tremolite-exposed and control
groups. Survival of males and females was ap-
proximately equal until 112 weeks, after which
the females tended to live longer. When compared
to the survival rates of the untreated control
group, the amosite male survival at 118 weeks
was higher, while amosite and PWG male sur-
vival was somewhat less. In female rats, the amo-
site group survival was better than the untreated
controls, while the amosite and PWG group was
about the same. The survival of both groups of
DMH-exposed rats was considerably less than the
untreated controls. The amosite plus DMH group
was comparable to the DMH alone group.
Pathology
There were no apparent treatment related neo-

plasms in the digestive tract of the tremolite,
amosite, or amosite PWG groups (Tables 8 and 9).
Also, no specific type was increased, either at a
particular location (e.g., cecvun) or in the stom-
ach, small or large intestine as a whole. In addi-
tion, the incidences of non-neoplastic diseases of
the gastrointestinal tract such as enteritis, diver-
ticulitis, ulceration or inflammation in general
were comparable in the control and tremolite- oramosite-exposed rate (Tables 10 and 11).

There were no organs/tissues in the tremolite-
exposed rats which showed an increased rate of
neoplasia compared to the control groups. Organs
which showed an increase in neoplasms in the
amosite or amosite PWG groups compared to the
control group were the thyroid and hematopoeiticsystem. The results are as follows.

Thyroid. Table 12 summarizes the incidence
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Table 7. Survival of F344 rats in lifetime oral asbestos study at various time points.

Males
Group
Control

Tremolite
^

Control

DMH

1% Amosite

1% Amoaite + DMH

1% Amosite + PWG

Age,
weeks

106
120
146
148
106
120
146
148
106
118
142
146
106
118
142
146
106
118
142
146
106
1'18
142
146
106
118
142
146

No. alive/total no.
98/118
70/118
6/118
-

206/250
150/250
36/250
-

95/117
71/117

7/117
-

27/125
16/125_
-

221/250
117/250
35/249
-

46/175
26/175-
-

77/100
52/100
6/100
-

Survival, %
83
595
-

82
60
14
-

81616
-

22
13_
-

88
71
14
-

26
15-
-

77
52

6
-

Females
No. alive/total no.

97/118
71/118
20/118
14/118

207/247
144/247
33/246
22/246
92/117
62/117
20/116
10/116
15/125-
_
-

202/246
162/246
43/245
28/245
32/174_
-
-

86/100
56/100
15/100
9/100

Survival, %
82
60
17
12
84
58
13
9

79
53
17 >,
9

12_-
-

82
66
18
11
18_
_
-

86
56
15
9

of thyroid C-cell proliferative lesions. A signifi-
cantly increased incidence of C-cell carcinoma
was found in amosite-treated male rats (p < 0.05).
This effect was not observed in amosite PWG
male rats. Furthermore, the overall incidence of
C-cell tumors (adenomas and/or carcinomas) was
comparable between control and treated groups.
C-cell hyperplasia was equivocally increased inamosite and amosite PWG female groups.Hematopoietic System. A significantly in-
creased incidence of mononuclear cell leukemia
occurred in amosite (p < 0.05) and amosite PWG
(p < 0.01) male rats (Table 13). However, neither
group was significant when compared to the tre-
molite control group (39%). This increased inci-
dence was not observed in amosite-exposed fe-
males.
Miscellaneous Neoplasms
Occasionally a somewhat higher or lower rate

of commonly occurring neoplasms were observed

in amosite treated groups. A statistically signifi-
cant (p < 0.05) decrease in the rate of neoplasia
was observed in the pancreas (Islet cell adenoma),
adrenal medulla (pheochromacytoma), thyroid(follicular cell carcinoma) and preputial gland in
at least one group of amosite-exposed rats com-
pared to the controls. Similar observations were
not observed in the tremolite-exposed groups.
Nonneoplastic Findings

A plethora of incidental lesions of aging Fischer
344 rats was found in all groups. Statistical anal-
yses showed no obvious correlation between the
incidence of specific lesion types and the type of
treatment. Nonneoplastic lesions that were ob-
served in more than 5% of the rats in any of the
experimental groups are as follows: akin: epider-
mal inclusion cyst; lung: chronic inflammation
(peribronchiolar and perivascular lymphoid cuff-
ing); spleen: fibrosis, hemosiderosis, extramedul-
lary hematopoeisis, lymphoid atrophy; lymph
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Table 8. Number of tremolite-exposed F344 rat* with primary epithelial neoplasm* of the alimentary tract

Males*

Animal* AT^i^ninA^
Tbtal alimentaryOral/pharynx

Papilloma
Carcinoma

Esophagus
Tbtal gastrointestinal
Tbtal stomach

Nonglandular
Papilloma
Carcinoma

Glandular
Polyp
Carcinoma

Tbtal small intestine
Polyp
Adca in polyp1*
Carcinoma

Tbtal large intestine
Cecum

Polyp
Adca in polyp1"
Carcinoma

ColonPolyp
Adca in polyp*1
Carcinoma

Control
118

8(7)
1(1)3(3)
4(3)
3(3)
2(2)
1(1)

(KO)

1(1)

1(1)

Tremolite
250
12(5)

1(0) .
1(0)
9(3)
2(1)
1(0)
1(0)

3(1)
1(0)
2(1)
4(2)
1(0)

1(0)
2(1)

Females*
Control
118

3(3)
(KO)
2(2)
1(1)0(0)

(KO)
1(1)

(KO)

Tremolite
250

7(3)
1(0)5(2)
1(0)
(KO)

0(0)

(KO)

'Values in parentheses are percentages.bAdenocarcinoma arising in adenomatous polyp.

nodes (various): lymphoid or reticulum cell hyper-
plasia, lymph-angiectasis, hemorrhage, pigmen-
tation, chronic inflammation; heart: chronic in-
flammation; liver: degeneration, necrosis, fatty
metamorphosis, toxic hepatitis (associated with
leukemia), granuloma, angiectasis, pigmenta-
tion, focal cellular change; bile duct (extrahe-
patic): chronic inflammation, mucosal hyperpla-
sia, cysts, fibrosis; pancreas (exocrine): atrophy,
hyperplasia, ectopia; pancreas (endocrine): hyper-
plasia; kidney: chronic progressive nephropathy,
cysts, pigmentation; pituitary gland: cysts, an-
giectasis, hyperplasia; adrenal (cortex): fatty me-
tamorphosis, hyperplasia; adrenal (medulla): hy-
perplasia; thyroid: follicular cysts, C-cell
hyperplasia; parathyroid: hyperplasia; testes:
seminiferous degeneration, interstitial cell hy-
perplasia; prostate: abscess, chronic inflamma-
tion, glandular hyperplasia; seminal vesicles:
cysts; ovary: follicular and parovarian cysts;
uterus: hydrometra, endometrial cyst; mammary
gland: cystic ducts, glandular hyperplasia, galac-
tocele; mesentery: chronic inflammation; eye: cat-
aract, hemorrhage, inflammation, retinal de-
generation: zymbal gland: cystic ducts; bone:
osteopetrosis, exostoses, marrow hyperplasia. Ali-

mentary tract nonneoplastic lesions are noted in
Tables 10 and 11.

1,2-Dimethylhydrazine
Dihydrochloride-Treated Groups

Two groups of male and female rats were ex-
posed to 1, 2-dimethylhydrazine dihydrochloride
(DMH) by gavage at levels of 7.5 mg/kg for males
and 15.0 mg/kg for females, biweekly for a total of
five doses. One group served as a positive carcino-
gen control and the other received amosite from
weaning throughout life.
Exposure of rats to DMH or DMH with amosite

was associated with a dramatically increased in-
cidence of neoplasms of the intestinal tract, Zym-
bal's gland, and liver of male and female rats, and
kidney in female rats. It is also noteworthy that
survival in the DMH groups was shortened due to
the presence of these neoplasms.
Table 9 summarizes the numbers of rats with

primary epithelial neoplasms in the gastrointes-
tinal tract by specific site and classification. Intes-
tinal neoplasms, particularly the adenomatous
polyps, were often multiple within a given ani-
mal.
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Table 9. Number of amostte-«xposed F344 rats with primary epithelial neoplasms of the gastrointestinal tract

Untreatedcontrol* Amosite*
M M

Amosite PWG*
M F

Animals examinedTotal gastrointestinal
Total stomachTotal small intestineDuodenumCarcinoma

Adca in polyp*Adenomatous polyp
JejunumCarcinomaAdca in polypb

Adenomatous polypDeurn
Carcinoma
Adca in polypb

Adenomatous polypTbtal large intestine
CecumCarcinoma

Adca in polyp6

Adenomatous polypTbtal colon
Ascending colonCarcinoma

Adca in polypb

Adenomatous polyp
Transverse colonCarcinoma

Adca in polypb

Adenomatous polypDescending colonCarcinoma
Adca in polypb

Adenomatous polyp

117
4(4)
1(1)3(3)

2(2)

1(1)0(0)

0(0)

117
2(2)
1(1)0(0)

1(1)

1(1)

249
7(3)
2(1)
2(1)
1(0)

1(0)

3(1)

250
4(2)
1(0)
3(1)

1(0)
2(1)

(XO)

100
3(3)
0(0)
1(1)
1(1)

100
3(3)
0(0)
1(1)

1(1)

3(1) 0(0)
1(0)

2(2)

1(1)
1(1)

1(1) 2(1) 1(1)

2(2)

2(2)

1(1)

1(1)
•Values in parentheses are percentages.bAdenocarcinoma arising in adenomatous polyp.

The incidence of gastrointestinal neoplasia was
dramatically increased with DMH treatment.
However, the incidence appeared to be essentiallycomparable between groups receiving DMH alone
and those receiving DMH with amosite. Further-
more, the number of animals with tumors either
in the small intestine or in the large intestine wasalso essentially comparable between DMH aloneand DMH with amosite. There was no differencein the time to tumor between the groups.
Evaluation of the incidence of the three catego-

ries of intestinal neoplasia (carcinoma, adenocar-
cinoma arising in an adenomatous polyp, and
adenomatous polyp) by site (Table 14) reveals an
increased incidence of duodenal carcinoma (p <
0.05) in the DMH with amosite-treated females,
compared to female rats receiving DMH alone. In
the jejunum, however, this incidence is reversed,
with more carcinomas occurring in the female
group receiving DMH alone.

In the large intestine the frequency of carci-
noma arising in an adenomatous polyp and ade-nomatous polyps was greatest in the descending
colon. In the cecum, the incidence of carcinoma
was less in the DMH with amosite-treated group
than those treated with DMH alone, in male rats.
This effect was not observed in the female group.
The appearance of carcinomas in the ascendingcolon was somewhat greater in DMH with amo-
site-treated males than in males receiving DMH
alone. Adenocarcinoma arising in adenomatous
polyp occurred more frequently in the transverse
colon of male and female rats receiving DMH
with amosite compared to rats receiving DMH
alone.

Kidney Neoplasms
Almost without exception, the renal masses

associated with DMH treatment were malignant
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Table 10. Incidence of nonneoplastic lesions in the alimentary tract of F344 rate exposed to 1% tremolite in the diet.*

Males'1

^njmfllil p^flirijn«l
Palate/tongueInflammationNecrosis

HyperkeratosisAcanthosisEsophagusInflammationNecrosisHyperkeratosis
AcanthosisStomach-nonglandular
Mineralization
Inflammation, chronic
UlcerationNecrosisHyperplasiaHyperkeratosis
AcanthosisStomach-glandular
Hyperplasia

Small intestine
Inflammation
Necrosis
Ulceration

Colon
Parasitism
Inflammation
Necrosis
HyperplasiaCecum
Parasitism
Inflammation
Necrosis
HyperplasiaRectumNecrosis

Anus (no lesions)

Control
118

0(0)
0(0)
(KO)
1(1)
1(1)2(2)
9(8)
1(1)

13(11)
19(16)
10(8)20(17)
3(3)

18(15)
26(22)
7(6)
0(0)
2(2)
0(0)
5(4)
0(0)
0(0)
0(0)
9(8)
1(1)
1(1)0(0)
(KO)

Tremolite
250

0(0)
0(0)
1(0)
3(1)
0(0)
1(0)

18(7)
0(0)
5(2)

29(12)
17(7)

46(18)
1(0)

34(14)
54(22)
1(0)
2(1)
0(0)
1(0)

32(13)
' 5(2)

3(1)
1(0)
2(1)
2(1)
4(2)
(KO)
1(0)

Females1"
Control
118

(KO)0(0)
0(0)
1(1)
0(0)
(KO)
3(3)
0(0)
4(3)

25(21)
9(8)

17(4)
0(0)

15(13)
23(19)
3(3)
CKO)
1(1)0(0)
5(4)
3(3)
1(1)(KO)
2(2)
4(4)
1(1)0(0)
0(0)

Tremolite
250

4(2)
1(0)
2(1)
1(0)
1(0)
0(0)
4(2)
1(0)
2(1)

38(15)
11(4)
31(12)
2(1)

29(12)
45(18)
0(0)
1(0)
3(1)
0(0)
3(1)
0(0)
1(0)
HO)
1(0)
1(0)
3(1)
1(0)
WO)

'Incidence of nonneoplastic lesions that occur with a frequency of 1% or more in at least one group.
''Values in parentheses are percentages.

mesenchymal or mixed malignant tumors. Purely
mesenchymal growths were classified according
to their morphology (i. e., fibrosarcoma, undiffer-
entiated sarcoma). Those having epithelial ele-
ments or epithelial-like elements were classified
as mixed malignant tumors. In early stages, these
neoplasms appeared as interstitial sclerosing
growths near the inner cortex. Collagen forma-
tion was accompanied by proliferating, baso-
philic, primitive-appearing cells. Epithelial ele-
ments consisted of glands, ductlike structures or
poorly differentiated solid tubules. The growths
were often massive but rarely metastasized.
Table 15 summarizes the incidence of kidney

tumors in control and DMH-treated groups. The
high incidence of renal neoplasms was confined
almost exclusively to treated female rats receiv-

ing either DMH alone or DMH with amosite (p <
0.01). The incidence rates for the two treated
female groups was the same. Renal neoplasms
occurred infrequently in male rats.
Zymbai Gland Neoplasms
Carcinoma was the most commonly observed

neoplasm in Zymbal's gland. These neoplasms
were composed of proliferating eosinophilic to ba-
sophilic squamous epithelial cells which formed
thick fingers of tissue, masses of keratin and
nests of sequestered cells. Some had sebaceous
features with formation of sebum. Infiltration of
adjacent tissues was not uncommon; however,
metastases were rare. Table 16 summarizes the
number of control and DMH-treated rats with
Zymbal's gland neoplasms.
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Table 11. Incidence of nonneoplastic lesions in the aiimentary tract of F344 rats exposed to amosite asbestos.'

Control1"

Tongue, number examined
Esophagus, number examinedHyperkeratosis
Stomach, nonglandular, number examinedMineralization

Inflammation, chronic
Ulceration
NecrosisHyperkeratosis
AcanthosiaMuscle degeneration

Stomach, glandular, number examined
HyperplasiaDuodenum, number examined

Jejunum, number examinedDeum, number examined
Colon, number examined

Parasitism
Cecum, number examined
Rectum, number examinedAnua, number examined

M
117
115
12(10)

117
9(8)

21(18)
13(11)
23(20)
22(19)
31(26)
8(7)

117
6X5)

117
117
117
117

4(3)
117
117
117

F
117
117

7(6)
117

3(3)
21(18)
4(3)
13(11)
24(21)
26X22)
2(2)

117
2(2)

117
117
117
117

2(2)
117
117
117

Amositeb
M

249
2494(2)
249

2(1)
56X22)
25(10)
41(16)
41(16)
62(25)
3(1)

249
0(0)

249
249
249
249

17(7)
249
249
249

F
250
246

7(3)
250

2(1)
60(24)
30(12)
37(15)
56(22)
72(29)
3(1)

250
1(0)

249
249
249
250

6(2)250
250
250

Amosite PWGb>e

M
100
100
12(12)

100
1(1)17(17)
7(7)

15(15)
16(16)
21(21)

WO)
100

0(0)
100
100
100
100

4(4)
100
100
100

F
100
100

6(6)
100

0(0)
18(18)
10(10)
11(11)
17(17)
23(23)

0(0)
100

(KG.
100
100
100
100

8(8)
100
100
100

'Incidence of nonneoplastic lesions that occur with a frequency of 1% or more in at least one group.
''Values in parentheses are percentages.TWG - preweaning gavage.

Table 12. Number of F344 rats with thyroid C-cell proliferative lesions.
Control"

Animal* aramintxi
Total C-cell tumors
C-cell adenoma
C-cell carcinoma
C-cell hyperplasia

M
117
27(23)
16X14)
11(9)21(18)

F
116
24(21)
14(12)
10(9)
22(19)

*Values in parentheses are percentages.*p < 0.05 vs. controls (incidental tumor and Fisher exact tests).
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Untreatedcontrol

Aninulu o-ramin»H
Mononuclear cell leu

M
117

kemia* 38(32)

F
117
40(34)

Amosite'
M

246
76(31)
26(11)
50«(20)
58(24)

F
247
65X26)
37(15)
29(12)
71(29)

Amosite PWG'
M

100
25(25)
11(11)14(14)
23(23)

F
100
29(29)
15(15)
14(14
26(261*

44 rats with mononuclear leukemia.

Amosite
M

249
106*(42)

F
250
82(33)

Amosite PWG
M

100
49t(49)

F
100
34(34)

"Values in parentheses are percentages.
*p < 0.05 vs. controls (incidental tumor and Fisher's exact test).
tp < 0.01 vs. controls.

Approximately one quarter of all rats receiving
DMH alone or DMH with amosite developed Zym-
bal's gland neoplasms (p < 0.01), while in control
animals the occurrence was low (1-3%). The inci-
dence appeared essentially comparable between
the two DMH-treated groups.

Liver Neoplasms
The classification of hepatocellular proliferative
lesions was based on the ILAR Monograph (10).
Table 17 summarizes the number of control or
DMH-treated rats with neoplastic nodules or hep-
atocellular carcinoma.
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Table 14. Number of DMH-exposed F344 rata with primary epithelial neoplasms of the gastrointestinal tract.

Untreated
control*

DMH positive
control*

M

DuodenumCarcinoma
Adca in polypb

Adenomatous polypJejunumCarcinoma
Adca in polypb

Adenomatous polypQeum
Carcinonia
Adca in polypb

Adenomatous polyp
Total large intestineCecum

Carcinonia
Adca in polypb

Adenomatous polyp
Total colon

Ascending colon
CarcinoniaAdca in polypb

Adenomatous polyp
Transverse colonCarcinoma

Adca in polypb

Adenomatous polyp
Descending colon
CarcinomaAdca in polypb

Adenomatous polyp
Colon (other)'Carcinoma

Adca in polyp1*Adenomatous polyp

<XO)

2(2)

1(1)<XO)

<XO)

<XO)

1(1)

8(6) 6(5)

1(1)

11(9)

2(1)
1(1)
2(1)

81(65)
16(13)

10(8)
2(1)
5(4)
1(1)8(6)

22(13)

20(16)
34(27)

1(1)

3(2)

11(9)

70(56)
7(6)

10(8)
4(3)
7(6)

9(7)
22(13)

(1)15(12)
27(22)
4(3)
1(1)

DMH withamosite*
M

Animiil* examinedTotal gastrointestinalTotal stomachTotal small intestine

117
4(4)
1(1)3(3)

117
2(2)
1(1)0(0)

125
92(74)
3(2)

18(14)

124
77(62)
4(3)

14(11)

173
118(68)

2(1)
19(11)

175
114(65)

1(1)24(14)
13(8)

3(2)
1(1)

110(64)
6(3)
2(1)

20(12)
3(2)
5X3)
2(1)

21(12)

. 3(2)
25(14)
40(23)
2(1)

19(11)

2(1)

1(1)
101(58)

6(3)

14(8)
7(4)
8(5)
2(1)

20(11)

2(1)
22(13)
31(18)
2(1)
1(1)

"Values in parentheses are percentages.
Adenocarcinoma arising in adenomatous polyp.
'Colon (other) » site not identified.

Table IS. Number of DMH-exposed F344 rats with primary renal neoplasms.
Untreatedcontrol

M
DMH positive

___control
~M F

DMH with
amosite

M
Aninwta examined
Total renal tumors*

117
0(0)

117
1(1)

125
3(2)

124
49(32)*

173
4(2) 175

56(32)*
•Values in parentheses are percentages.
•p - < 0.01.

A significantly increased incidence of neoplas-
tic nodules and/or hepatocellular carcinomas oc-
curred in groups receiving DMH alone and in
groups receiving DMH plus amosite. Generally,
females had a higher incidence (p < 0.01) thanmales (p < 0.05).

Miscellaneous Neoplasms
In several instances, DMH treatment with or

without amosite led to statistically significant
decreased incidences of certain spontaneous neo-
plasms, particularly of the endocrine system.
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Table 16. Number of DMH-exposed F344 rate with Zymbal gland neoplaama.

Untreatedcontrol

AnimaU aTaminftd
Zymbal gland
neoplasm**

M
117
1(1)

F
117

4(3)

DMH positive
control

M
125
33(26)*

F
124
34(27)*

DMH with
amoaite

M
173
55(32)*

F
175
39(22)*

"Values in parentheses are percentages.
*p < 0.01 vs. controls.

Table 17. Number of DMH-expoaed F344 rats with hepatocellolar neoplasms.
Untreatedcontrol

Animala avflminArl
NeopUstic nodules*
Hepatocellular carcinoma*

M
1179(8)

1(1)

F
117

4(3)
1(1)

DMH positive
control

M
125
18(14)*
9(7)*

F
124
29(23)*
10(8)*

DMH with
amosite

M
173
27(15)*7(4)t

F >.
17532(18)*8(5)t

•Values in parentheses are percentages.
*p < 0.05 vs. controls.
tp < 0.05 vs. controls (incidental tumor and life table analysis).tp < 0.05 vs. controls (life table analysis only).

These included a reduced number of subcutane-ous fibromas, pituitary adenomas in females, ad-
renal pheochromocytomas, pancreatic acinar cell
adenomas and islet cell adenoma in males, mam-
mary tumors, and interstitial cell tumors in male
rats. However, many animals in these two groups
died at an early age compared to the untreated
controls.

Discussion
Tremolite (11) or amosite asbestos (12) was

administered at a level of 1% in the diet to male
and female F344 rats for their lifetime, including
exposure of their dams to the test material. While
the tremolite used in this study is considered
crystalline or nonfibrous in its natural form, a
small amount assumes a fibrous character during
the crushing and milling process. However, the
milling process used in the preparation of the
tremolite for this study was identical to what isdone in the commercial setting.
Starting at birth, one of three groups of neonaterats from amosite-exposed mothers were givenchrysotile asbestos (instead of amosite) by gavage

until weaning at which time they were given the
1% amosite diet. For all intents and purposes this
group of rats should be regarded as being exposed
to amosite asbestos for their lifetime. Two groups
(control and amosite exposed) of weanling rats
were exposed to five biweekly doses of 1,2-di-
methylhydrazine dihydrochloride (DMH), a
known intestinal carcinogen, to test the promoter

or cocarcinogenic effects of DMH and amositeasbestos.
The clinicopathologic results in this study

showed that the ingestion of tremolite or amositeasbestos did not adversely affect the fertility of
the mothers or litter size of the Ft bioassay ani-mals. The average weight of the offspring at birthfrom mothers exposed .to either mineral was com-
parable to the offspring of nonexposed mothers.
However, the weight of the exposed offspring a
weaning was slightly less than the control rats'*"
The cause of the decreases in weight during lacta-
tion is not known. The differences in body weight
gain became more apparant between weaning
and 8 weeks of age. While the tremolite- and
amosite asbestos-exposed rats paralleled the con-
trol animals in weight gain, they remainedsmaller throughout their life. The mean body
weight of the male rats exposed to the chrysotile
preweaning gavage (PWG) and subsequently to
amosite asbestos was slightly higher than the
amosite alone rats. This may be related to the
mortality induced in the neonates by the PWG
technique which would allow the remaining pups
more milk during lactation. Exposure to DMH
caused a small reduction in body weight gain in
female but not in male rats.

No clinical signs were observed which could be
attributed to the ingestion of either mineral.
Starting at 9 months of age, the DMH-exposed
rats showed signs attributable to DMH-related
neoplasia, but no difference was noted between
the DMH and DMH plus amosite groups.
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The ingestion of either tremolite or amosite in
the diet for the life of the rats did not adversely
affect their survival. In fact, survival of female
rats exposed to amosite or amosite plus chrysotilePWG was slightly better up to 112 weeks than the
controls. Similarly, the survival of male rats ex-posed to amosite was slightly better than theuntreated controls, although the amosite plus
chrysotile PWG group showed slightly less sur-
vivability.

The most plausible explanation for the in-creased survival of the. amosite exposed rats is
their lower weight throughout the study. Yu et al.(13) have shown that rats of lower body weight
caused by restricted caloric intake lived longer
than rats that were allowed to eat an unlimited
amount of food.
The survival of the rats (control and amosite) in

this study compares favorably with other NTP
bioassays (14). At 106 weeks of age (age at end of
typical 2-yr bioassay) the percentage of male rats
alive in this study was: untreated tremolite con-
trol, 83%; untreated amosite control, 81%; tremo-
lite, 82%; amosite, 88%; and amosite plus PWG,
77%. The percentage of female rats alive at this
time was: tremolite control, 82%; amosite control,
79%; tremolite, 84%; amosite, 82%; and amosite
plus PWG, 86%. Haseman (14) in reviewing the
25 most recent NTP feeding studies found an
average of 66% of control males and 73% of con-
trol females alive at 112 weeks of age.

The survival of control groups of males and
females was similar at 106 weeks. In most 2-yr
studies involving rats, more females generally
survive to the end of the study than do males.
However, the longer survival of female rats (con-trol and tremolite or amosite exposed) was clearly
demonstrated after 142 weeks.
The ingestion of either tremolite or amosite

asbestos over the lifetime of these rats did not
cause a biologically significant increase of neo-
plasms at any anatomic site when compared to
the concurrent controls. The gastrointestinal
tract was considered a potential target organ
based on epidemiological studies in humans (15).
The overall incidence of intestinal neoplasms in
the control (male 4 and female 2%) and two amo-
site asbestos groups (male 3 and female 2%; male
4 and female 3%) was low, and there was no
significant (p < 0.05) difference between the
treated and control groups. Similar observations
were noted in the tremolite groups and their
respective controls. In addition, nonneoplastic le-
sions of the gastrointestinal tract were not in-
creased. In summary, amosite asbestos did not
cause any adverse affects in the gastrointestinal

tract of either male or female F344 rats.
Rats exposed to DMH showed a high incidence

(60-70%) of neoplasia of the gastrointestinal
tract, primarily in the large intestine. This high
rate of intestinal neoplasia was unexpected be-
cause a pilot study (3) using the same dosing
regimen of DMH would have predicted an inci-
dence of 15 ± 5% in this study. In a previous NTPbioassay, hamsters exposed to DMH and chryso-
tile asbestos also failed to develop the desired rate
of intestinal tumors based on a similar pilot study
(28). Apparently the neoplastic dose response to
DMH is relatively steep and duplication of low
rates of intestinal neoplasia are difficult to repro-
duce.

Because of the high background rate of DMH-induced neoplasia, it is not possible to determine
with accuracy if amosite had a cocarcinogenic oradditive effect in this study. Female rats exposed
to DMH and amosite had a higher incidence (11%versus 2%) of neoplasia of the duodenum than the
DMH controls. Conversely, they had a lower inci-
dence (9% versus 1%) of neoplasms of the jeju-
num; thus the total number of ar^Tnalq with neo-
plasms of the small intestine was comparable. A
similar situation was observed in the large intes-
tine of male rats. The rats exposed to DMH alone
had a higher incidence (13% versus 3%) of carci-
noma of the cecum but a lower incidence (13%
versus 26%) of neoplasms of the transverse colon.

The morphologic appearance of the neoplasms
induced by DMH were comparable to those de-
scribed previously in rats exposed to hydrazine
compounds (16). In addition, the few intestinal
neoplasms which occurred in the control and tre-
molite- or amosite (no DMH)-exposed rats were of
the same morphologic types to those induced by
DMH. The neoplasms observed in the kidney,
liver and Zymbal's gland of DMH-exposed rats
were consistent with those reported for these
types of intestinal carcinogens (17).

A significantly (p < 0.05) increased incidence of
C-cell carcinomas of the thyroid occurred in amo-
site-treated male rats. This effect was not ob-
served in the amosite PWG male rats and the
overall incidence of total benign and malignant
C-cell tumors was comparable between control
and treated groups. Therefore, this is not consid-
ered to be a treatment-related effect.
The incidence of mononuclear cell leukemia

(synonyms—monocytic leukemia, Fisher rat leu-
kemia) was elevated in amosite (42%) and amo-
site PWG (49%) male rats compared to the con-
current control group (32%). However, the rates
were not significant when compared to the tremo-
lite male control group (39%). This increased inci-
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dence was not observed in treated female rats.Coleman et al. (18) reported an incidence of
nearly 30% in male F344 rats within the age
group of 24-40 months. In 2-yr-old F344 rats,
Goodman et al. (19) reported 12% of males and
nearly 10% of females had lymphoma/leukemia, amuch lower incidence than in these studies. It is
apparent from this study and above cited studiesthat the incidence of leukemia increases rapidly
after 2 years of age. In view of considerable varia-tion in the incidence of such disorders, the factthat the amosite-ezposed male rats survived
longer than their concurrent controls and lack ofsignificance when compared to the tremolite con-
trol group, it is doubtful that the increase in therate of leukemia is treatment related. More im-
portantly, an increased incidence of neoplasiawas not observed in target organs (GI tract andmesothelium). Even though it is known that cer-
tain types of asbestos are absorbed through the GItract (2021), it is difficult to envision how oralasbestos could cause an increase in leukemia
without causing an increase of tumors in the
proposed target tissues.In summary, these effects represent only a mod-ulation of neoplasms which occur in concurrentcontrol groups and are known to occur in histori-
cal control rats of this strain. No uncommon or
unique neoplasms were observed in any of thetremolite- or amosite-treated groups. In addition,
the biological importance of the neoplasms in theabsence of target organ neoplasia is questionable.

A large variety of nonneoplastic lesions, pri-marily lesions of aging, were observed in all
groups. There was no obvious correlation between
treatment and specific lesions. Therefore, tremo-
lite or amosite at the level of 1% in the diet did
not appear to cause any overt tozicity.Studies on the effects of chronic ingestion oftremolite are not available. However, Stanton et
al. (2) showed that the intrapleural inoculation of
fibrous tremolite (two types) caused a high inci-
dence of pleura! sarcoma in Osborne-Mendel rats.
In contrast, intrapleural studies of tremolite talc
failed to show a carcinogenic response in ham-
sters (22). The tremolite used in the NTP study is
a nonfibrous type and more closely resembles that
used by Smith (22) than Stanton et al. (2).

Other studies involving the long-term inges-
tion of asbestos are few. Oonham et al. (23) re-
ported equivocal results in F344 rats which were
fed a diet containing 10% chrysotile for their
lifetime. While they did not observe a statistically
significant (p < 0.05) increase in the number of
tumors in exposed animals, the authors believed
that there was a trend toward increased colon

lesions in general, evidence of penetration of as-
bestos into the colonic mucosa, possible cytotoxic-ity to colonic tissues and suggested a possible
relationship to peritoneal mesothelioma. Anotherequivocal study is that reported by Gibel et al.
(24), who described an increase in malignant tu-
mors in the lung, kidney, liver and reticuloen-dothelial system but no increase in intestinal
neoplasia in Wistar rats fed asbestos filter mate-
rial (20 ing/day) for a period of 8-14 months.
Cunningham et al. (25) reported two studies in
Wistar male rats using 1% chrysotile in the diet:
one study of 24 months and one of 30 months.
These authors concluded that trace amounts of
ingested asbestos can penetrate the walls of tr
gastrointestinal tract, but evidence of carcinoge*̂
nicity was inconclusive. Negative results were
reported by Gross et al. (26), who fed rats a dietcontaining 5% chrysotile asbestos for a period of
21 months with no evidence of intestinal neopla-
sia.

Corollary studies to this investigation were
conducted in Syrian golden hamsters (27,28). The
exposure regimen was similar in that male and
female hamsters were exposed to 1% amosite as-
bestos (same source as the subject study) and .short-range or intermediate-range chrysotile as-bestos in their diet for their natural life-span.
There was no adverse effect on body weight gain
or survival, and no asbestos-related neoplasmswere observed.

Another oral asbestos study in hamsters was
reported by Smith et al. (29). They exposed
groups of 30 male and female hamsters via drink^^
ing water for lifetime to amosite asbestos, mine
tailings, beach rock or Lake Superior drinking
water. They did not observe adverse effects on
body weight or survival time in any of the groups.A peritoneal mesothelioma, one pulmonary carci-noma, and two early squamous cell carcinomas of
the nonglandular stomach were found in the
hamsters exposed to amosite but the incidencewas not statistically significant (p < 0.05). They
concluded that the study was essentially nega-
tive. A subsequent study in rats using similar
materials also failed to elicit a carcinogenic re-
sponse (30).

Except for the studies of Donham et al. (23),
Smith et al. (29) and the NTP (11,12,27,28), the
other studies were conducted with relatively
small numbers of animals. Also some were con-
ducted for an insufficient period of time to ade-
quately test the carcinogenic potential of ingested
asbestos.

A long-term study of amosite asbestos designed
to determine the promoter potential of asbestos
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was reported by Ward et al. (31). They exposed 6-
week-old male F344 rats three times per week for
10 weeks to 1 mg amosite asbestos in saline via
gavage. Once per week during this same period,
half of the rats received subcutaneous injections
of 7.4 mg/kg azoxymethane (AOM), a known in-
testinal carcinogen in animals which produces
effects similar to DMH. The rats were allowed to
live out their lifespan or untl 94-95 weeks of age
at which time they were killed. The authors re-
ported an intestinal tumor incidence of 66.7% in
AOM alone, 77.1% for amosite plus AOM and
32.6% for amosite alone. The authors concluded
that while amosite did not significantly add to the
incidence of AOM-induced intestinal neoplasia,
amosite alone caused a relatively high rate of
intestinal neoplasia. However, there was no un-
treated control group to compare to the treated
groups. These results should also be viewed with
some suspicion because the authors also reported
a 14% incidence of Zymbal gland tumors in the
rats exposed to amosite alone. The historical rate
of Zymbal gland tumors in the Bioassay Program
is 0.34%, indicating that this is a relatively rare
tumor (19). However, AOM is known to induce
Zymbal gland tumors with a sngle dose of 5.1 mg/
kg in male F344 rats producing a 14% incidence
of tumors in this organ (17); in this study 5.1 mg/
kg AOM also caused a 24% incidence of intestinal
neoplasia. A possible explanation for the inci-
dence of Zymbal gland tumors in the amosite
groups would be that they were inadvertently
exposed to AOM. If this occurred, these rats
would also be expected to show a high incidence of
intestinal neoplasms.

Conclusions
Under the conditions of this lifetime bioassay,

tremolite or amosite asbestos was not toxic, did
not affect survival, and was not carcinogenic
when ingested at a level of 1% in the diet by male
and female Fischer 344 rats. While there were
significant (p > 0.05) increases in the rate of C-
cell carcinomas of the thyroid in male, and mono-
cytic (mononuclear cell) leukemia in male rats
exposed to amosite asbestos compared to un-
treated controls, their biological significance is
questionable because of a lack of response in the
concurrent amosite and preweaning gavage
group or control group of the corollary study,
nonaffect when all neoplasms of that organ are
analyzed, lack of significance when examined us-
ing life table analysis or the absence of neoplasia
in target organs. The cocarcinogenic studies us-
ing 1,2-dimethylhydrazine dihydrochloride

(DMH) were considered flawed because of the
high rate of intestinal carcinogenesis in both the
DMH and amosite asbestos and DMH alone
groups.

The animal phase of this study was performed at Hazleton
Laboratories America, Vienna, VA. This project has been
funded with federal funds from the National Institute of
Environmental Health Sciences (NTH), Research Triangle
Park, NC, under contract #5-2158. Partial funding waa pro-
vided by the Environmental Protection Agency under Intera-
gency Agreement #D70756.
The research described in this paper has been peer and

administratively reviewed by the U.S. Environmental Protec-
tion Agency and approved for presentation and publication.
Mention of trade names or commercial products does not
constitute endorsement or recommendation for use.

REFERENCES
1. Proceedings of the Joint NIEHS-EPA Conference on

Biological Effects of Ingested Asbestos. Environ. Health
Perspect 9:113-162 (1974).

2. Stanton, M. F., Layard, M., Tegeris, A., Miller, E., May,
M., Morgan, E., and Smith, A. Relation of particle dimen-
sion to the cartinogenicity in amphibole asbestoses and
other fibrous minerals. J. Natl. Cancer Inst. 67: 965-975
(1981).

3. McConnell, E. E., Wilson, R E., Moore, J. A., and Ease-
man, J. K. Dose response of 1,2-dimethylhydrazine and
methyiazoxymethanol acetate in the F344 rat. Cancer
Letters 8: 271-278 (1980).

4. Kaplan, E. L., and Meier, P. Nonparametric estimation
from incomplete observations. J. Am. Statist. Assoc. 53:
457-481 (1958).

5. Coz, D. R. Regression models and life tables. J. Roy.
Statist. Soc. B34:187-220 (1972).

6. Mantel, N., and Haenszel, W. Statistical aspects of the
analysis of data from retrospective studies of disease. J.
Natl. Cancer Inst 22: 719-748 (1959).

7. Peto, R., Pike, M., Day, N., Gray, R., Lee, P., Parish, S.,
Peto, J., Richard, S., and Wahrendorf, J. Guidelines for
simple, sensitive significant tests for carcinogenic effects
in long-term animal experiments. IARC. Monographs on
the Long-Term and Short-Term Screening Assays for Car-
cinogens: A Critical Appraisal. World Health Organiza-
tion, Geneva; Supplement 2,1980, pp. 311-426.

8. Gart, J., Chu, K., and Tarone, R Statistical issues in
interpretation of chronic bioassay tests for carcinogenic-
ity. J. Natl. Cancer Inst. 62: 957-974 (1979).

9. Rao, C. R Some statistical methods for comparison of
growth curves. Biometrics 14: 1-17 (1958).

10. Stewart, H. L. (Ed.). ILAR monograph: Histologic typing
of liver tumors of the rat. J. Natl. Cancer Inst. 64: 179-
206(1980).

11. NTP. Carcinogenesis bioassay of tremolite in Fischer 344
rats. NTP Technical Report, National Toxicology Pro-
gram, Research Triangle Park, NC, in press.

12. NTP. Carcinogenesis bioassay of amosite asbestos in Fis-
cher 344 rats. NTP Technical Report, National Tbxicology
Program, Research Triangle Park, NC, in press.

13. Yu, B. P., Masoro, E. J., Murata, I., Bertrand, H. A., and
Lynd, F. T. Life span study of SPF Fischer 344 rats fed ad
libitum or restricted diets: longevity, growth, lean body
mass and disease. J. Gerontol. 37: 130-141 (1982).

14. Haseman, J. K. Patterns of tumor incidence in two-year
cancer bioassay feeding studies in Fischer 344 rats. Fund.
Appl. Toxicol., in press.



44 McCONNELL ET AL.
15. Cooper, R. C., Murchio, J. C., and Paffenbarger, R. S.Asbestos in domestic water supplies for five California

countries. Part n, EHS Publ. No. 79-1, School of Public
Health, Univ. Calif. Berkeley, 247 (1979). In: EPA, Am-
bient Water Quality Criteria for Asbestos, EPA 440/5-60-022, VS. EPA, Washington, DC, 1980.16. Pozhansski, K. M. Morphology and morphogenesis of
experimental epithelial tumors of the intestine. J. NatLCancer Inst 54:1115-1135 (1975).17. Ward, J. M. Oose response to a single injection of axoxy-methane in rats. Vet PathoL 12:165-177 (1975).18. Coleman, G. L., Barthold, S. W., Oabaldurton, G. W.,Foster, S. J., and Jones, A. M. Pathological changes dur-ing aging in barrier-reared Fischer 344 male rats. J.
GerontoL 32: 258-278 (1977).

19. Goodman, D. G., Ward, J. M., Squire, R. A., Chu, K. C.,
and Linhart, M. S. Neoplastic and nonneoplastic lesions
in aging F344 rats. TbzicoL Appl. Pharmacol. 48:237-248
(1979).

20. Cook, P. M., and Olson, G. F. Ingested mineral fibers:elimination in human urine. Science 204:195-198 (1979).
21. Sebastien, P., Masse, R., and Bignon, J. Recovery of in-

gested asbestos fibers from the gastrointestinal lymph inrats. Environ. Res. 22:201-216 (1980).
22. Smith, W. E. Biological effects of tremolite talc on ham-

sters. U.S. Bur. Mines Inf. Circ. 1C 8639: 43-^8 (1974).23. Donham, K. J., Berg, J. W., Will, L. A., and Leininger, J.
R. The effects of long term ingestion of asbestos on the
colon of F344 rats. Cancer 45:1073-1084 (1980).

24. GibeU W., Lohs, K. H., Horn, K. H., Wildner, G. P., and
Hoffman, F. Investigation into a carcinogenic effect of

asbestos filter material following oral intake in experi-
mental animals. Arch. Geschwulstforsch. 46: 437-442
(1976).

25. Cunningham, H. M., Moodie, C. A., Lawrence, G. A., andPontefract, R. D. Chronic effects of ingested asbestos in
rats. Arch. Environ. Contain. Tbxicol. 6: 507-513 (1977).26. Gross, P., Harley, R. A., Swinberne, L. M., Davis, J. M. G.,and Green, W. B. Ingested mineral fibres, do they pene-
trate tissue or cause cancer? Arch. Environ. Health 29:
341-347 (1974).

27. NTP. Cardnogenesia bioasaay of amosite asbestos in Syr-
ian golden hamsters. NTP Technical Report No. 249,National Toxicology Program, Research Triangle Park,
NC, 1982.

28. NTP. Carcinogenesis bioasaay of chrysotile asbestos in
Syrian golden hamsters. NTP Technical Report No. 246,National Toxicology Program, Research Triangle Par'
NC (1982). N-29. Smith, W. E., Hubert, D. D., Sobel, H. J., Peters, E. T., and
Doerfler, T. E. Health in experimental animals drinkingwater with and without amosite and other mineral parti-cles. J. Environ. Pathol. ToxicoL 3:277-300 (1980).30. Hilding, A. C., Hilding, D. A., Larsen, O. M., and Auf-
derheide, A. C. Biological effects of ingested amosite as-
bestos, taconite tailings, diatomaceous earth and Lake
Superior water in rats. Arch. Environ. Health 36: 298-
303 (1981).
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Asbestos in Water Suppliesof the United States
by James R. Millette,* Patrick J. Clark,* Judy Stober* and
Montiel Rosenthal*

The review of available data on the concentrations of asbestos in U.S. water supplies
suggests that the majority of water consumers are not exposed to asbestos concentrationsover 1 million fibers/Later. A few populations, however, may be exposed to concentrations
over 1 billion fibers/L. Of the 538 water supplies for which waterborne asbestos data areavailable, 8% have concentrations of fibers over 10 million fibers/L.The vast majority of asbestos fibers found in U.S. water supplies are under 5 |im in
length.

Fiber Concentrations in Water
In 1980, two publications summarized the data

on asbestos in drinking water that had been gath-
ered from literature and other U.S. Environmen-
tal Protection Agency analytical records (12).
The data are summarized in Table 1. Since that
report, a number of studies have provided addi-
tional data on asbestos counts in drinking water.

McGuire and Bowers (5) have reported billions
of chrysotile asbestos fibers in the California Aq-
ueduct system. The reservoirs at the southernend of the State Water Project provide an opportu-
nity for some of the asbestos particles to coagu-
late with other particles and settle to the bottom.
However, concentrations as high as 1.3 billion
fibers/L were reported at one water plant intake,
and the maximum asbestos concentration in the
effluent of one plant (i.e., in the drinking water)
was 200 million fibers/L. The authors also re-
ported variable asbestos concentrations up to 13
million fibers/L in the Colorado River water deliv-
ered to southern California. No evidence of am-
phibole fibers was found in either source of sup-
ply. Other data from the California Health
Department indicate that some small water sup-
plies in northern California have asbestos con-
centrations over 100 billion fibers/L (S. Hayward,
Calif. Dept. of Health personal communication).

Table 1. Distribution of reported asbestos
concentrations in drinking water from 406 cities in 47states, Puerto Rico, and the District of Columbia.

Highest asbestos
concentration, 10* fibers/L
Below detectable limits
< 1
1-10
> 10
Total

Number of
cities
117
216
33
40

406

Percentage
28.8
53.2
8.1
9.9

100

Ibxicology and Microbiology Division, Health Effects Re-
search Laboratory, U.S. EPA, Cincinnati, OH 45268.

The source is apparently natural erosion of ser-pentive minerals in the watershed. The water has
very little turbidity, and no filtration treatment is
employed for these northern California systems.

Data from both Canadian and U.S. sources (4)
show concentrations of fibers as high as 100 bil-
lion fibers/L in the Sumas River, which flows into
Canada from the State of Washington. The Yukon
River, which is shared by Alaska and Canada, has
been reported to have asbestos concentrations as
high as 1 billion fibers/L for amphibole and 100
million fibers/L for chrysotile (5).

A report of asbestos in the groundwater of
northern New Jersey was published by Germaine
and Puffer (6) in 1981. They found 4.7 million
fibers/L of crocidolite in the well water of the
Mendham Borough water supply. Similar crocido-
lite fibers were found in samples of the local
bedrock. In general, there are few reports of as-
bestos in groundwater sources. Earlier work
showed groundwater asbestos concentrations as
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high as 1 billion fibers/L in wells in New Mexico
(7), but our laboratory could not confirm these
results even though we used a more generally
accepted technique of analysis.

EPA Region II has contracted to have 100 water
supplies in New York and New Jersey analyzedfor asbestos. The contractor's results are not yet
available, but at least one supply has an asbestos
concentration over 10 million fibers/L based on
counts in Cincinnati for a portion of split samplesused for quality control checking.

The cities of Chicago, Illinois, and Duluth, Min-
nesota, have continued to monitor their drinking
water for asbestos as it comes from filtration
plants. Neither reports any real variation from
the values reported 4 yr ago. Both have asbestosconcentrations under a million fibers per liter.
Cisterns receiving rainwater off asbestos-ce-

ment (AC) roofs have been found to contain levels
of chrysotile asbestos as high as 500 million fi-bers/L (8). Asphalt shingles containing asbestos
as a binder and used on roofs in the collection of
rainwater were not found to contribute signifi-
cant numbers of asbestos fibers to the cisternwaters.
Discharges from asbestos processing and manu-

facturing plants can have very high asbestos con-
centrations as are being found in a new survey by
the EPA Effluent Guidelines Division. There is no
evidence, however, that any of these plants is
directly contaminating drinking water supplies.

The study of the aggressive index (AI) as an
indicator of a water's corrosivity toward AC pipe
has continued. The AI is based on calcium carbon-
ate saturation conditions and is derived from the
sample pH, calcium hardness and total alkalinity
according to the equation: AI = pH + log (AH),
where A is the total alkalinity (expressed in mg/L
CaCO3) and H is the calcium hardness (expressed
in mg/L CaCOj). Values of AI below 10 are consid-
ered very aggressive, while values above 12 areconsidered nonaggressive. Analysis of water from
AC pipe systems in Wisconsin where the waterwas aggressive showed fiber counts between 1and 10 million fibers/L. Analyses of waters from
towns in Virginia and Delaware with AC pipe and
moderately aggressive waters did not show con-
sistent fiber counts over 1 million fibers/L. In a
paper published in 1981, Kanarek, Conforti, and
Jackson (9) reported concentrations of asbestos as
high as 34 million fibers/L in an AC distribution
system with essentially nonaggressive water. The
condition of the pipe surface was not investigated.
In-house work by Schock and Buelow (10) has
indicated some theoretical reasons why the AI
will not always correctly predict fiber release

from AC pipe. Other in-house research has sug-
gested that iron, which is not considered in the
AI, can, in concentrations at about 0.3 mg/L, coat
the surface of a pipe in some way, even in the
presence of an aggressive water. This coating doesnot necessarily prevent calcium from being deple-
ted by the action of the aggressive water on thecement, but binds the fibers and prevents them
from being eroded off the pipe. These data are
consistent with an early Norwegian study (11)
and some recent data from Germany (12) that
showed protective iron-containing coats even insome aggressive water situations.
In response to a National Academy of Sciences

recommendation that data were needed on the
particulate concentration in typical U.S. drinking
water, a survey was designed to obtain a repre-
sentative picture of the particulates in U.S. water
systems. Because of the time, cost and effort in-
volved with the asbestos and other analyses, the
survey was designed to sample only 100 U.S.
water supplies. In order to get a representative
sampling with only 100 collections, a stratified
random sampling was done from the CommunityWater Systems Survey Database (13). This data-
base list of 984 systems was originally obtained
by a stratified random sampling of a list of over40,000 utilities compiled by the USEPA Office ofDrinking Water. A sample of 2139 utilities was
randomly selected from the list, which was strati-fied geographically by EPA regions and demo-
graphically by seven population classifications ofsystems serving between 25 and 100,000 persons.
Added to the sample was a list of all 232 utilities
serving over 100,000 persons. Questionnaires
were sent to these systems and the respondents,
948 systems, make up the Community WaterSystems Survey Database.

From the database list stratified according to
regions and three population groups, two groups
of 100 systems were drawn as shown in Table 2.
The second set of 100 acted as a reserve in the

Table 2. Distribution of system* by size and regions for100 utility sample*.*

US. EPAregions
landHmandIVV and VI
VnandVm
DC and X
Ibtal

Population
25-
999

9( 88)
10 (104)
9( 87)

10 (100)
9( 96)

49 (475)

Population
1000-
99,999
6( 60)
6( 59)
7( 70)
6( 64)
5( 53)

30 (306)

Population
> 100,000

4( 41)
7( 68)
5( 44)
3( 18)
4( 32)

23 (203)

Ibtal
19(189)
23 (231)
21 (201)
19(182)
18(181)

100 (984)
•The number of water systems for each size and region in the

Community Water Systems Database is given in parentheses.
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event a utility in the first group could not be
sampled. Table 2 shows that the distribution by
cell of the 100 utility sample stratified for popula-
tion size and geographic area, and the original
database distribution by cell, represent about the
same percentage of the total.

The water samples from residential drinking
water taps were collected in the distribution sys-
tems of the utilities by EPA regional personnel,
State health personnel, or local utility officials.
The results of the asbestos analyses for these 100
utilities are shown in Table 3. When compared
with the results from all asbestos analysis data
available in 1982 (Table 4), the data from the
representative sampling show a slightly lower
percentage in the > 10 million fibers/L group.
This may reflect the emphasis in the overall data
on collecting more water samples from areas
thought to have problems with asbestos. A survey
of asbestos fibers in Canadian water supplies con-
cluded that 5% of the public receive water with
fiber concentrations exceeding 10 x 108 fibers/L
(14). Consideration of the population served by
the U.S. water supplies shown in Table 4 suggests
that the percentage of U.S. population receiving
water with fiber concentrations exceeding 10 mil-
lion fibers/L is similar but somewhat less than the
5% figure determined for the Canadian popula-
tion.
Sizes of Fibers

The length of a vast majority of asbestos fibers
found in water supplies was less than 5 tun. Large
numbers of waterborne chrysotile fibers have
been sized in conjunction with an epidemiology
study in California (15) and one in Puget Sound
(Washington) (16). A comparison of the fiber size

Table 3.100-City survey: asbestos analysis.
Highest Number of
concentration, 10* fibers/L cities
Below detectable limits
< 1
1-10

61
27

7
5

Table 4. Asbestos in U.S. water, 538 cities.
Highest
concentration. 10* fibers/L
Below detectable limits
< 1
1-10
> 10
Tbtal

Number of
cities
187
264
41
46

538

%
34.8
49.1

7.6
8.6

100.1

data in Table 5 shows that the San Francisco Bay
Area water has a slightly higher percentage of
longer fibers than that of the Puget Sound area.

Some caution is suggested when comparing
these data, however, because the analytical
methods used for sizing asbestos fibers in the
Puget Sound area study (17) were more refined
and perhaps more sensitive to small fibers than
the methods used to characterize the asbestos
fiber sizes of the Bay Area waters, which were
studied at an earlier time (18).
Nonasbestos Fibers
For the survey of consumers' tapwater from 100

water utilities chosen to represent the size of
population served and U.S. geographic area, data
show a range in turbidity from 0.1 to 19 nephelo-
metric turbidity units (NTU). The mean value for
the set was 1.9 NTU. Particle counts from the
same set of samples using a HIAC particle
counter showed a range of 14,000 to 10,700,000
particles/L. The particles measured ranged in
diameter from 2.5 to > 150 ion. The median
particle size was 4 jim. Two nonasbestos mineral
fibers, palygorskite and halloysite, have been
found in concentrations over 1 million fibers/L in
drinking water (19), but the occurrence of these
forms of fibers is not widespread in water sys-
tems. Silicate algal scales, a biologically produced
rigid fiber, can be found in a number of water
systems (20). Glass fibers have not been identified
in any water systems.
Conclusions
Additional data have not suggested that a

change is necessary in the earlier conclusion (1)
that the majority of U.S. water consumers are not
exposed to constant concentrations of asbestos
fibers over 1 million fibers/L. In some areas, how-
ever, people are exposed to concentrations of as-
bestos fibers over 1 billion fibers/L.

Table 5. Comparison of asbestos fiber lengths.

N, fibers
Mean length, |im
SuLdev.
Median length, (im
Range, (im
Distribution

90%<
75% <
25% <

Percentage 3s 5 tun

California
(Bay Area)
7,375
1.35
1.99
1.0
0.1-59.0
2.2 urn
1.5 |im
0.6 tun
2.3%

Washington
(Puget Sound area)

6,977
0.6
0.52
0.5
0.1-9.5
1.1 |im
0.7 (im
0.3 inn
0.2%
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The sizes of asbestos fibers in drinking waters

vary depending on the source of the fibers. Gener-
ally, asbestos fibers found in drinking waters are
less than 5 \aa in length.
The research described in this paper has been peer andadministratively reviewed by the U.S. Environmental Protec-tion Agency and approved for presentation and publication.Mention of trade names or commercial products does not

constitute endorsement or recommendation for use.

REFERENCES
1. Millette, J. R, Clark, P. J., and Pausing, M. F. Exposureto asbestos from drinking water in the United States.

Environmental Health Effects Research Report, Office of
Research and Development, EPA-600/1-79-028,1979.

2. Millette, J. R., Clark, P. J., Pausing, M. F., and Twyman.J. D. Concentration and size of asbestos in water supplies.
Environ. Health Perapect 34:13-25 (1980).

3. McGuire, M. J., Bowers, A. E., and Bowers, D. A. Asbestos
analysis case history: surface water supplies in Southern
California. J. Am. Water Works Assoc. 74: 470-477
(1982).

4. Schreier, H., and Taylor, J. Asbestos Fibers in ReceivingWaters. Technical Bulletin 117, Inland Waters Director-
ate, Environment Canada, Vancouver, British Columbia,
Canada, 1980.

5. Marklund, D. R. Mineral Fiber Analysis of Yukon RiverSamples. Technical Report, U.S. Department of Interior,Fish and Wildlife Service, 1011 East Tudor Road, Anchor-
age, Alaska, 1981.6. Germaine, M., and Puffer, J. H. Distribution of asbestos in
the bedrock of the northern New Jersey area. Environ.
Geol. 3: 337-351 (1981).

7. Oliver T., and MUTT, L. E. An electron microscopic study of
asbestiform fiber concentrations in Rio Grande Valley
water supplies. J. Am. Water Works Assoc. 69: 428-431
(1976).

8. Millette, J. R., Boone, R., and Rosenthal, M. Asbestos in
Cistern Water. Environ. Res. Brief, USEPA, Health Ef-fects Research Laboratory, Cincinnati, 1980.

9. Kanarek, M. S., Conforti, P. M., and Jackson, L. A. Chry-
sotile asbestos fibers in drinking water from asbestos-

cement pipe. Environ. Sci. Technol. 15: 923-925 (1981).
10. Schock, M. R., and Buelow, R W. The behavior of asbes-

tos-cement pipe under various water quality conditions:Part 2, theoretical considerations. J. Am. Water Works
Assoc. 73: 636-651 (1981).11. Kristianaen, H. Corrosion on asbestos-cement pipes. Vat-ten 83: 53-61 (1977).

12. Meyer, E. Untersuchungen zum Vorkommen von Asbest-fasern in Trinkwasser in der Bundesrepublik Deutsch-land and gesundheitliche Bewertung der Ergebnisse
(Studies of the presence of asbestos fibers in drinkingwater in the Federal Republic* of Germany and a healthevaluation of the results). GWF-Waaser/Abwasser 123:
85-96 (1982).13. Herschell, C. Survey of Operating and Financial Charac-
teristics of Commercial Water Systems. EPA Report
#570-9-77-003,1977.

14. Chatfield, E. J., and Dillon, M. J. A National Survey for
Asbestos Fibers in Canadian Drinking Water Supplies.
Department of National Health and Welfare, 79-EHD-34,
Ottawa, Canada, 1979.15. Kanarek, M. S., Conforti, P. M., Jackson, L. A., Cooper, R.

• C., and Murchio, J. C. Asbestos in drinking water andcancer incidence in the San Francisco Bay Area, Am. J.
Epidemiol. 112: 54-72 (1980).

16. Polissar, L., Severson, R. K., Boatman, E. S., and ThomasD. B. Cancer incidence in relation to asbestos in drinking
water in the Puget Sound region. Am. J. Epidemiol. 116:
314-328 (1982).

17. -Boatman, E. S. Analyzing asbestos fibers in water bymeans of transmission electron microscopy. J. Am. Water
Works Assoc. 74: 533-536 (1982).

18. Cooper, R. C., and Murchio, J. C. Preliminary Studies ofAsbestiform Fiber Concentrations in Domestic Water
Supplies. Final Report to the Aerospace Medical Research
Laboratory, Wright Patterson Air Force Base, Ohio.Available from NTIS, U.S. Department of Commerce
#AD-AOU-855,1976.19. Millette, J. R., TVyman, J. D., Hansen, E. C., Clark, P. J.,
and Pausing, M. F. Chrysotile, palygorskite, and halloy-
site in drinking water. Scan. Elec. Microsc. 1: 579-586
(1979).

20. Millette, J. R., Rosenthal, M. T., and Feldman. R S.
Asbestos analytical technique. In: Proceedings, American
Water Works Association Water Quality Technical Con-ference, Miami, FL, December 1980.



Environmental Health Perspectives
Vol. 53, pp. 49-56, 1983

Critical Review of Epidemiologic StudiesRelated to Ingested Asbestos
by Gary M. Marsh*

Thirteen epidemiologic studies of ingested asbestos conducted in five areas of the
United States and Canada were reviewed and evaluated for the definitivenesa and
applicability regarding the development of ambient water quality standards. One or morestudies found male or female associations between asbestos in water supplies and cancer
mortality (or incidence) due to neoplasms of the esophagus, stomach, small intestine,
colon, rectum, gallbladder, pancreas, peritoneum, lungs, pleura, prostate, kidneys, brain,
and thyroid, and also due to leukemia. Several methodologic weaknesses and limitations
were found hi each study, leading to the determination that no individual study or
aggregation of studies exist that would establish risk levels from ingested asbestos. A
binomial probability analysis of the eight independent studies suggested that, while the
level of male-female agreement was generally low, the number of observed positive
associations in males and females for neoplasms of the esophagus, stomach, pancreas,
and prostate was unlikely to have been generated by chance factors alone, and thus, may
have a biological basis related to ingested asbestos. Cancers of the small intestine and
leukemia were implicated to a lesser degree in this analysis. The patterns of integrated
findings for most gastrointestinal cancers were somewhat consistent with patterns ob-
served among asbestos-exposed occupational groups, whereas the patterns found for
pancreatic cancer, kidney cancer, and leukemia were not consistent. It was recom-
mended that the integrated ecologic data to date be used to generate a rough priority ofspecific etiologic hypotheses that should be tested in the original settings or in indepen-
dent study populations using studies designed at the more definitive individual level,
such as ease-control studies. The Bay Area (California) and Puget Sound (Washington)
were deemed to be the existing study areas most suitable for future research.

Introduction
In 1982, the U.S. Environmental Protection

Agency commissioned a critical review of the
major epidemiologic studies that were germane to
the question of possible adverse health effects
caused by ingested asbestos. Thirteen published
and unpublished studies conducted in five areas
of the United States and Canada were included in
the review (1-13). This paper presents the major
findings and salient points of the more detailed
review found elsewhere (14).
Background
The genesis of all of the studies included in this

review was the 1973 discovery of large amounts
of amphibole asbestos fibers in Lake Superior, the

•Department of Biostatistics, Graduate School of Public
Health, University of Pittsburgh. Pittsburgh, PA 15261.

source of municipal water for Duluth, Minnesota,
and five small communities on the lake shore.
The first epidemiologic study to appear after this
discovery was conducted in Duluth by Mason et
al. In 1974 (1). Mason's study of 1950-1969 cancer
mortality rates was followed by two studies of
cancer incidence rates in Duluth, the first in 1976
by Levy et al. (2) and the second in 1981 by
Sigurdson et al. (3). The two Connecticut studies
of Harrington et al. in 1978 (4) and Meigs et al. in
1980 (5) were prompted by the possibility of
studying reliable cancer incidence data over a 35-
year period through the Connecticut Tumor Reg-
istry and linking these data with information
collected on asbestos-cement pipe studies done by
the U.S. EPA. In Canada, the mortality studies of
Wigle in 1977 (6) and Toft et al. in 1981 (7) were
induced by the extent of the asbestos mining done
in Quebec and by environmental surveys that
revealed high concentrations of asbestos fibers in
the drinking water supplies of certain cities. The
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San Francisco Bay Area cancer incidence studies
of Kanarek et al. in 1980 (8), Conforti et al. in
1981 (9), and Tarter in 1981 (10) were motivated
by the fact that several drinking water supplies
come from aquifers or are stored in reservoirs
that are exposed to serpentine, the parent rock
form of chrysotile asbestos. The single unpub-
lished epidemiologic study of cancer incidence
conducted in Utah by Sadler et al. in 1981 (11)
was based upon the fact that several Utah com*munities were known to have used predomi-
nantly asbestos-cement pipe for periods exceeding
20 years. Finally, the two studies of cancer inci-
dence and mortality in the Puget Sound area by
Severson et al. in 1979 (12) and Polissar et al. in
1982 (13) were motivated by the fact that three ofthe largest metropolitan areas of western Wash-ington state have been almost constantly serviced
since the early part of the 20th century by water
supplies containing a wide range of cnrysotile
asbestos fibers.

Individual Reviews and
Qualitative Integration of Findings

For each of the 13 studies, a determination wasmade of an overall positive, negative, or lack ofassociation between ingested asbestos and cancer
mortality or incidence. Determinations were
based on general epidemiologic considerationswhile accounting for the strengths and weak-
nesses of the underlying study designs. Due to the
subjectivity inherent in the assessment. of re-
search findings, the interpretations made were
not always those of the authors cited.
Tables 1 and 2 show for gastrointestinal and

nongastrointestinal cancer sites, respectively, a
summary of results from the 13 studies. As shown
here, one or more previous studies have found formales or females some association between asbes-
tos in water supplies and cancer mortality (or
incidence) for neoplasms of the esophagus (1,8,9),
stomach (12,6-9), small intestine (13), colon

Table 1. Summary of studies of gastrointestinal cancer risk in relation to ingested asbestos by cancer site.*
Gastrointestinal
cancer site.

(ICO 7th revisioncodes)
All sites combined
( ISO-159)
Esophagus (150)
Stomach (151)
Small intestine (152)
Colon (153)
Rectum (154)
Biliary passage/liver

(155-156A)
Gallbladder (155.1)
Pancreas (157)
Peritoneum (158)

Duluth
Mason

(7)

< + • * • )( + -I
( • ! • +)ns
(00)

< + +)(00)
tu

(0+)
at

Levy
(2)

( - - )(00)
( +0)
(00)(- -)
(00)
(00)
(00)
( • ( • I - )
(00)

Sigurdson
(3)
(00)
(00)
(00)
(00)
(00)
(00)
(00)
(00)
(0+)
(00)

Connecticut
Harrington

(4)

ns
ns

(00)
ns

(00)
(00)
ns
ns
ns
ns

Meigs
(5)

ns
ns

(00)
ns

(00)
(00)
ns
ns

( + 0)
ns

Quebec
Wigle
<«)

(00)
(00)
( fO >
ns

(00)
(00)
ns
ns

(0+)ns

Tbft(7)
( +0)
(00)
( + 0)
ns

(00)
(00)
ns
ns

(00)
ns

Bay Area, CA
Kanarek(8)
<+ +)
(0+)
( • f -H(00)
(00)
(00)
(00)
(0-t-)
(0 + )(+ -(•)

Conforti
(9)

( + + )
(-(• + )( + + )(00)
( +0)
(00)
(00)
(00)(+ + 1
(0 + )

Tarter
(70)

< + +)
ns
ns
ns
ns
ns
ns
ns
ns
ns

Utah
Sadler

(77)

nsns(00)
(00)
(0-)
(00)
ns

<0 + )
(00)
(00)

Puget Sound, WA
Severson

(72)

(00)
ns

(00)
ns

( - - )
ns
ns
ns
ns
ns

Polissar
<7J>

ns
(00)
(00)( • (- + )
(00)
(00)
(00)
(00)
(00)
(00)

'(Male, female) « association with ingested asbestos: f positive, 0 none, - negative, ns - not studied.

Table 2. Summary of studies of nongastrointestiiial cancer risk in relation to ingested asbestos by cancer site.*
Nongastro intestinal
cancer site

(ICO 7th revision
codes)
Buccal cavity and
pharynx (140-148)

Bronchus, trachea.
lungs (162, 163)

Pleura (162.2)
Prostate ( 177) (males only)
Kidneys (180)
Bladder ( 181)
Brain/CNS<193>
Thyroid (194)
Leukemia, aleukemia

(204)

Duluth
Masona)
ns

< - rO)

ns
ns
ns
ns

(00)
ns

100)

Levy
(21
ns
ns
ns
nsnsns
ns
ns
ns

Sigurdson
(3)
ns

(00)
nsnsns
ns
ns
ns
ns

Connecticut
Hamngton

<41
ns
ns
ns
ns
ns
ns
ns
ns
ns

Meigs
(5)
ns

100)
ns
ns

(00)
(00)
ns
ns
ns

Quebec
Wigle

16)
(00)
( +0)
ns
0

(00)
(00)
(00)
ns

100)

Toft
(7)
(00)
( • i -O)
ns
0

(00)
(00)
(00)
ns

(00)

Bay Area, CA
Kanarek(8)

ns
(+0)
10 + )

0
(0+)
(00)
(00)
(00)
(00)

Conforti
(9)
ns

(00)
(0 + 1
+

(00)
(00)
(00)
100)
1001

Tarter
(10)
ns
ns
ns
ns
ns
ns
ns
ns
ns

Utah
Sadler
(W
ns
ns
ns
ns

(+0)
ns
ns
ns

( +0)

Puget Sound, WA
Severson

(12)
ns
ns
ns
ns

100)
ns
ns
ns
ns

Polissar
(73)
100)
(00)
ns-

100)
100)

( + - 11 f • ( • >
( * - 1

•'Male, female) » association with ingested asbestos: - positive, 0 none, - negative, ns » not studied.
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(2J9.11, 12), rectum (1), gallbladder (8,11), pan-
creas (1-3,5,6,8$), peritoneum (8J9\ bronchus,
trachea, or lungs (1,6-8), pleura (8, 9), prostate(9J3), kidneys (8,11), brain or central nervous
system (13), thyroid (13), and leukemia or aleuke-
mia (11^3). The large variability in findings evi-
dent among the studies is matched by a consider-
able descrepancy in results for males and females
within the 13 studies. Several factors might ex-
plain, at least in part, the internal and external
inconsistencies in results.
First, the descrepant results may be due to

differences in characteristics of asbestos exposure
in the various study populations. These differ-
ences are summarized in Table 3. The relatively
low number of positive associations found in Utah
(11) and Connecticut (4,5) could be due to the low
concentrations of asbestos in the drinking water
or to the relatively short duration of community
exposure in several study subareas. The virtual
absence of positive findings in the most recent
Duluth study (3) could also be due to relatively
short duration of exposures as well as the amphi-
bole fiber, which is fundamentally different from
the chrysotile fibers found in the remaining study
areas. By utilizing the differences in exposure
characteristics, the three study areas associated
with long duration of exposures (> 40 years) to
chrysotile asbestos can be roughly ranked accord-
ing to the concentration of fibers in their water
systems. However, the resulting ranking, BayArea (lowest), Puget Sound (intermediate), andQuebec (highest), does not appear to be related to
the pattern of associations shown in Tables 1 and
2. In addition to duration and intensity, it is alsolikely that other exposure factors, such as thecharacteristics of asbestos pipe used, the concen-
tration of other possibly carcinogenic contami-
nants of water, and certain physical properties of
asbestos fiber (e.g., length), vary among and
within the six study areas.

As a second major factor, the different study
designs employed in the various areas, coupled
with the disparity in their underlying strengths

and weaknesses, most likely also contributed to
the observed variability in results. The most im-
portant methodologic weaknesses and limitations
ascertained from the individual reviews are sum-
marized in Table 4. The weaknesses are listed in
approximate decreasing order of importance rela-
tive to their potential impact on the credibility
and definitiveness of the findings.

By far the most serious limitation of all the
studies conducted to date is that they are ecologi-
cal or, more specifically, geographic correlation
studies by design. This drawback alone does not
permit a definitive conclusion to be made from
any of the studies of the possible adverse health
effects of ingested asbestos. The major drawback
of ecological analysis for testing etiologic hypoth-
eses is the potential for substantial bias in effect
estimation. This problem, known as the "ecologi-
cal fallacy," results from making a causal infer-
ence about individual phenomena on the bias of
observations of groups. Theoretically, the bias
resulting from ecological analysis can make an
association appear stronger or weaker than it is
at an individual level; however, in practice, this
bias ordinarily exaggerates the magnitude of a
true association, if one exists (15-17). Ecologic
study bias can be minimized, for example,
through the judicious application of ecologic re-
gression techniques. Such techniques were em-
ployed, at least inpart, in the Connecticut study
of Meigs (5), the three Bay Area studies (8-10),
and the two Puget Sound studies (12, 13). How-
ever, the overall variability in results does not
appear to be any less among or within these six
studies compared to the remaining seven, which
did not incorporate more refined ecologic analy-
ses.

Much of the bias inherent in ecologic analysis
results from the inability to control for confound-
ing factors at the individual level. Table 4 shows
that most of the studies reviewed did not directly
control for confounding factors even at the group
level. Notable exceptions are the Bay Area stud-
ies of Kanarek et al. (8) and Conforti et al. (9) and
the two Puget Sound studies (12,13), which cal-

lable 3. Characteristics of asbestos exposures in drinking water in various study populations.
Characteristic Duluth
Type of asbestos Amphibole
Number of fibera/I/-b 1.0-30.0 - 10«
Population exposed 100,000
Maximum duration of 15-20exposure, yr

Connecticut
Chrysotile
BDL-0.7 - 10«
576,800
23-44

Quebec
Chrysotile
1.1-1300 - 10«
420,000
>50

Bay Area, CA
Chrysotile
0.025-36 - 10*
3,000,000
>40

Utah
Chrysotile
n.a.t>
24,000
20-30

Puget Sound, WA
Chrysotile
7.3-206.5 -
200,000
>40

10*

•DDL =• below detectable limit.Sta. = data not available.
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Table 4. Summary of methodolofic weaknesaea and limitations associated with various studies of ingested asbestos.*

Duluth Connecticut Quebec Bay Ares. CA Utah Puget Sound. WA

Weakness/limitation*
Mason Levy Sigurdson Harrington Meigs Wigle Toft Kanarek Conforti Tirter Sadler Sevenon Polissar across

(1} (2) (3} «> <5) <£> (7) (8) (9) I/O) </J ) U2> (131 studies
Ecologic study designInsufficient latency periodDeath certificate data
Duration and/or intensityof exposure lowUncontrolled confoundingRace

SexOccupation
Socioeconomic status
Population densityEthnicity
In/out migrationPersonal habits

Absence (or incomplete)
data on dose-responseMultiple comparisons
problem

Insensitivity of summary
statistics

Absence of historicalasbestos exposure dataUse of at least one
questionable
statistical procedure

Total 14 15 14 12 12 11 11 11 10 10

13
4
3

10
1

10
7

10
11
8

13
8

12
10
13

'Legend: asterisk (*> indicates presence of characteristic; minus ( - ) indicates absence of characteristic.bln approximate decreasing order of relative impact on definitiveness of study results.

ployed relatively more sophisticated multivariate
statistical analyses as an attempt to control for
confounding at the group level. Only one study to
date, that of Polissar et al. in 1982 (13), attempted
to collect data on a confounding variable at the
individual level; however, since this was done
only for cancer cases and not controls, it was not
possible to analyze the data on a more sensitive
and reliable case-control basis.

Occupation was a particularly important con-
founding variable in the studies conducted in
Quebec (6,7), the Bay Area (8-10), and Connecti-
cut (4,5), since a substantial number of males are
employed in the various asbestos-related indus-
tries within these areas. The confounding effects
of occupation are particularly evident in the two
Quebec studies (6,7), where positive associations
for lung and stomach cancer were consistently
confined to males.
Misclassification of asbestos exposures is an-

other serious limitation of all the studies con-
ducted to date. This misclassification results from
several factors including: the basic ecologic de-
sign, which assigns specific exposures to an entire
goegraphic area; tenuous assumptions regarding
the extent of asbestos contamination from asbes-
tos pipes; the lack of any reliable historical asbes-
tos exposure data; and the in/out and daily mobil-
ity of the study populations.

It is also likely that many of the associations
found among the 13 studies are simply chance
occurrences arising from the large number ofstatistical comparisons that were generally made.Whenever a large number of significance tests are
performed at a constant significance level, a cer-
tain number of tests will be significant by chance
alone and the actual significance levels must be
higher than those reported by the authors.
Among the 13 studies reviewed, the number of
separate statistical comparisons reported ranged
from 33 to 336 with an average of 193. Therefore,
at a 5% level of significance, the number of posi-
tive findings expected due to chance alone wouldrange from approximately 2 to 17 with an aver-
age across the 13 studies of about 10. In other
statistical terms, the probability that at least one
of the n independent comparisons was due to
chance alone ranged from 0.81 in a study report-
ing about 30 comparisons to virtual certainty in
studies reporting 100 or more comparisons. (At
the 5% level of significance, the probability offalsely claiming statistical significance in at least
one of n independent comparisons is 1-0.95".

Objective Integration of Findings
In order to objectively evaluate the extent to

which the pattern of findings to date may be due
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to chance factors, and to better assess the degree
of interstudy consistency, a probability analysis
was performed for each cancer site, which was
examined in at least four independent studies.
The studies of Levy et al. in 1976 (2), Harrington
et al. in 1978 (4), Kanerek et al. in 1980 (8) and
Severson in 1979 (12) were not considered inde-
pendent studies, since they provided no unique
information in light of the subsequently updated
and improved analyses of Sigurdson et al. in 1981
(3), Meigs et al. in 1981 (5), Conforti et al. in 1981
(9) and Polissar et al. in 1982 (13), respectively. In
addition, the study of Tarter in 1981 (10) was not
included in the probability analysis, since no can-
cer site-specific results were shown.

For each cancer site, the probability analysis
consisted of first casting the independent study
results of Tables 1 and 2 into a 2 x 2 contingency
table of male-female results as shown in Table 5.The next step in the analysis was to calculate
for each cancer site the probability of jointly ob-
serving in n.. independent studies, nu or more
positive associations in males and rc.i or more
positive associations in females. This was done
assuming that for males and females the proba-
bility of observing a positive association in a
given independent study due to chance alone is p
= 0.05, and the probability of observing no asso-
ciation is (1 - p) = 0.95. Designating M and F to
represent the events of observing a positive asso-
ciation in males and females, respectively, and
assuming that outcomes in males and females are
independent events, the probability of the joint
event (known as a large deviation probability, PD)can be calculated as the product of two individual
cumulative binomial probabilities as follows:
PD - P(M 2: *! ) • P(F a n t)f.

U
2 -
"l.

PD was also calculated by using the binomial
parameter p =0 . 10 assuming that a predeter-
mined significance level of p = 0.05 would have
actually been higher for any individual observed
positive association due to the very large number
of statistical comparisons that were made in most
of the independent studies. Very small values of
______________Tables.______________

Female association

Male
association

( + )(Oor -)
TbtaJ

( + )
"u
"21

(0 or - )
"12

"2

Total
"i.
"2.n

PD (less that 0.05, for example) for a given cancer
site suggest that the number of observed positive
associations in males and females across several
independent studies was unlikely to have been
generated by chance factors alone, and, therefore,
may have a biological basis related to ingested
asbestos. The PD value as calculated above doesnot, however, take into account the degree of
association between male and female findings.
Unfortunately, the very small numbers of inde-
pendent studies showing results for specific can-
cer sites precluded the calculation of any reliable
measure of association. However, in order to pro-
vide at least a crude objective comparison of the
level of agreement between male and female find-
ings, the well-known phi coefficient given as

was computed where xu

2 is the unconnected chi-
square statistic tabulated from the above 2x2
contingency table as

Y_2 = n

Values of close to zero indicate little, if any, asso-
ciation, whereas values close to unity indicate
almost perfect predictability. By definition, the
phi coefficient cannot be determined wheneverrai.» n.i> "2.J or n.2 is equal to zero. Finally, thestrength of the association between male and
female findings was assessed through the use of
the Fisher-Irwin exact test (18).

Table 6 shows the results of the probability
analysis for gastrointestinal and nongastrointes-
tinal cancer sites, which were examined in at
least four independent studies. Only five of the 14
sites shown in Table 6 (esophagus, stomach, pan-
creas, lungs, and prostate) are associated with PDvalues that range consistently below or near a
probability level as low as 0.05, for example.
However, as shown by the <|> value and corre-
sponding Fisher-Irwin probability, or by inspec-
tion of the outcome frequencies, the level of agree-
ment between male and female findings for these
cancers is generally moderate to low. Specifically,
positive associations were jointly observed in
males and females in only one of six studies of
esophageal cancer, two of eight studies of stomach
cancer, and one of eight studies of pancreatic
cancer. It was not possible to quantify the level of
male-female agreement for lung or several other
cancers due to the presence of one or more zero
marginal totals.

Two additional neoplasms (small intestine, and
leukemia/aleukemia) are associated with PD val-
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Table 6. Summary of male-female associations in independent studies by cancer site.

No. of
Cancer site independentstudies

(»J
Gastrointestinal

Esophagus
Stomach
Smal! intestine
Colon
Rectum
Biliary passages/liver
GallbladderPancreas
Peritoneum

Nongastrointestinal
Bronchus, trachea, lungs
Kidneys
Bladder
Brain/CNSLeukemia/aleukemiaProstate (males only)

6
8
4
8
8
4
4
8
4
7
6
5
5
6
4

Outcome
(+ -M
< » » >

1
21
0
1
0
0
1
0
0
0
0
0
0-

l - i -O)
(n l2>

1
2
0
1
0
0
01
0
3
1
01
2
-

(0 + )
•"Sl>

0
0
0
0
0
01
3
1
0
0
0
0
0-

(00)
(n^>

4
4
3
7
7
4
3
3
3
4
5
5
4
4
-

Total
male
( • ! - )
</> ! »

2
4
1
1
1
0
0
2
0
3
I
0
1
2
2

Totalfemale
( • > • )
(n t)

1
2
1
1
1
0
1
4
1
0
0
0
0
0-

Large deviation
probability (PD)

Ip - 0.05)

0.0087
<0.0001

0.0344
0.3366
0.1132

1.00
0.1855

<0.0001
0.1855
0.0038
0.2649

1.00
0.2262
0.0328
0.0140

(p - 0.10)

0.0535
0.0009
0.1183
0.5695
0.3243

1.00
0.3439
0.0009
0.3439
0.0257
0.4686

1.00
0.4095
0.1143
0.0523

Index of association
Fisher-Irwin

$ probability

0.63
0.55
1.00
NC'
1.00NCNC
0.0NC
NCNC
NCNCNC
-

0.33
0.21
0.25
NC
0.12NCNC
0.78NC
NCNCNC >•NCNC
-

'NC * not calculated due to presence of one or more zero marginal frequencies.

ues below 0.05 when based on the binomial pa-
rameter p = 2.05, but exceed PD = 0.05 when
based on the more conservative p = 0.10. Whilestill based on very small numbers of independent
studies, the P0 values for the remaining cancer
sites examined suggest that the number of posi-
tive male and female associations, if any, ob-served for these cancers is more likely to repre-
sent chance phenomena.
It should be recognized that, next to very small

sample size, the most severe limitation of the
above probability analysis was the necessity to
assume that the n independent studies provided
qualitatively and quantitatively equivalent infor-
mation toward the integration of findings for any
given cancer site. Therefore, the results of the
probability analysis should not be regarded as
conclusive, but rather should serve as a rough
guide for the future direction and emphasis of
research.

Relationship to OccupationalStudies
The pattern of integrated findings presented for

gastrointestinal cancers is somewhat consistent
with patterns observed among workers occupa-
tionally exposed to asbestos. Epidemiologic stud-
ies of several occupational groups exposed to as-
bestos have shown an increased incidence of
cancer of the esophagus, stomach, colon, and rec-
tum and of peritoneal mesotheliomas (19-22).
Furthermore, as noted by Mason et al. in 1974 (1),
certain studies of asbestos installation workers in
the United States have shown cancer of the upper
gastrointestinal tract to be in far greater excess

than cancer of the colon and rectum. This same
feature is suggested in Table 6, where upper gas-
trointestinal cancers are among the strongest
positive results, whereas positive associations for
colon and rectal cancer are virtually nonexistent.
The relatively large number of independent posi-
tive associations found for pancreatic cancer sug-
gests a possible link with ingested asbestos, al-
though most occupational studies have not
implicated this cancer site.

With respect to nongastrointestinal neoplasms,
an increased risk for cancer of the kidneys has
been found in a recent occupational study of insu
lation workers (23). A biological basis for this risk"**'
has been described by Cook and Olson (24). How-ever, as shown in Table 6, kidney cancer was
observed in excess among males in only one of the
six independent studies reviewed that examined
this anatomic site. It is uncertain whether the
marginally significant number of leukemia/aleu-
kemia and prostatic cancer findings are related toingested asbestos, since these are generally not
considered in occupational studies as sites where
asbestos-induced cancers would occur.
Recommendations for FutureResearch
Although no individual study or aggregation of

studies exists that would establish risk levels
from the ingestion of asbestos, the studies to date
do provide extremely valuable information that
should be carefully considered when developing
the protocols of future research.
First, the integrated study findings can be used

to generate a rough priority of specific etiologic
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hypotheses that could be tested in the original
settings or in independent study populations via
more sensitive and reliable epidemiologic de-
signs. The foremost intensive efforts should be
made to further study the relationahip of in-
gested asbestos to the gastrointestinal neoplasmsthat displayed the most suggestive findings in theecologic studies. In approximate order of impor-
tance, these would be stomach, pancreas, esopha-gus, and small intestine. The outcomes of these
endeavors could be used to determine whether
additional studies of other gastrointestinal neo-
plasms were warranted. In addition, the integra-
ted findings for prostatic cancer, although less
biologically plausible, were sufficiently discon-
certing to make the relationship of ingested as-
bestos to this male neoplasm the subject of an-other more intensive study.
Second, the existing studies have produced a

virtual checklist of methodologic limitations and
uncertainties that should be avoided or controlled
to the fullest extent possible in all future research
efforts. Many of the aforementioned weaknesses
and limitations can be avoided by simply choos-
ing more suitable geographic areas for study. The
"ideal" study area would be one associated with a
long history of a wide range of asbestos exposures
of known and well-documented magnitude. This
would allow a sufficient latency period for the
development of disease and would permit a more
sensitive and accurate assessment to be made of
dose-response relationships. While none of the
areas studied to date can be necessarily consid-
ered as ideal, the Bay Area and Puget Sound are
relatively the most suitable areas for future re-
search. Further studies in new independent areas
should also be considered since this will improve
the ability to evaluate the strength and consist-
ency of findings statistically.

Many of the other methodologic limitations are
features of the underlying ecologic study designs
that were employed. The ability to make a causal
inference from ecologic data often can be en-
hanced using more sophisticated analytical tech-
niques. There will always remain an element of
uncertainty, however, until the etiologic hypothe-
ses generated from ecologic studies are tested
more definitively at the individual rather than
group level.

The diseases implicated in the ecologic studies
to date are relatively rare in the general popula-
tion and are associated with long incubation pe-
riods. Thus, the retrospective approach is apropri-
ate using, for example, either an unmatched or
matched individual case-control design. Basi-
cally, a case-control study would compare the

ingested asbestos exposures of individual site-
specific cases of cancer (incidence or mortality)
with unmatched or matched controls. This ap-
proach would enable a much more precise mea-
surement of confounding factors such as occupa-
tion, socioeconomic status, tobacco and alcohol
consumption, dietary habits, and migration his-
tory through personal interviews with each case
(or next of kin) and control. While the level of
asbestos exposure would probably still be deter-
mined by geographic residence, the duration of
exposure could be much more accurately mea-
sured and controlled by determining length of
residence. In addition, individual differences in
water ingestion habits due to daily mobility and
other personal factors could be assessed during
the interviews. It is very important that the case-
control protocol include procedures for checking
the reliability and validity of the methods used to
ascertain historical ingested asbestos exposures.

The number of subjects to be selected for a
study of a specific disease-exposure relationship
will be a fundamental consideration in planning
future studies. Basically, an answer to the ques-
tion of how many subjects should be selected for a
case-control study, for example, depends on the
specification of four values: the relative frequency
of exposure among controls in the target popula-
tion p0; a hypothesized relative risk associatedwith exposure that would have sufficient biologic
or public health importance to warrant its detec-
tion R; the desired level of significance a; and the
desired study power, (1 - p) (25). As an illustra-
tive example, Table 7 shows for a standard un-
matched case-control design the required sample
size n (per group) under the conventional a =
0.05 (one-sided), P = 0.20, and for selected values
of R and p0. In the study areas recommended for
individual case-control analysis (the Bay Area
and Puget Sound), relative risk levels R for gas-
trointestinal cancer were generally found by eco-
logic analysis to be only moderately elevated (R =*
1.1-2.0), if elevated at all. This is likely to be the
case in most areas unless levels of asbestos in the
drinking water are inordinately high. In order to
detect these putative moderate elevations in rela-
tive risk at acceptable statistical error levels (a,
p), it will be necessary, as shown in Table 7, to
study literally hundreds of cases and controls.
This may be a serious drawback when studying
the rarer forms of gastrointestinal cancer (e.g.,
small intestine), for it may be difficult to observe
and locate the required number of cases during a
reasonable period of time. For some cancers,
therefore, it may be necessary to accept some-
what higher levels of statistical errors in order to
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Table 7. Unmatched case control sample sixes needed ineach group for a - 0.05 (one-sided) and P - 0.20.

Relativerisk/Z
121.5
1.7
2.02.5
3.0
5.0

Proportion of controls exposed, p.
0.25
1890
365
208
119
66
45
20

0.50
1484
303
179
107
63
45
24

0.75
2071

447
272
168
104

78
45

0.90
4431

987
610
385
246
187
114

test the null hypothesis of no risk with the avail-
able number of cases.
In conclusion, there is no question that studies

designed at the individual level, such as case*
control studies, are now needed to establishfirmly risk levels to ingested asbestos. However,
as illustrated above, the costs of reliably estab-
lishing these risk levels will be high, a fact that
should be recognized by the sponsors and investi-
gators of future research in this area.
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Cancer Risk from Asbestos in Drinking Water:Summary of a Case-Control Study in WesternWashington
by Lincoln Polissar,** Richard K. Severson** and Edwin S.Boatman1

We conducted a case-control, interview-baaed study of the risk of developing cancer
from asbestos in drinking water. An area that included Everett, Washington, was selected
for the study because of the unusually high concentration of chrysotile asbestos indrinking water from the Sultan River.
Through a population-based tumor registry, 382 individuals with cancer of the buccalcavity, pharynx, respiratory system, digestive system, bladder, or kidneys, diagnosed

between 1977 and 1980, were identified, and they or their next of kin were interviewed. Weconducted validation checks of our interviews, including a comparison with secondary
sources.
Data on asbestos exposure were collected based on residence and workplace history,and on individual water consumption. Logistic regression was used to estimate cancer

risk. We found no convincing evidence for increased cancer risk from imbibed asbestos.
Confidence intervals for relative risks for almost all sites included unity. ̂There were
significantly elevated risks only for male stomach and male pharyngeal cancer, but these
sex-inconsistent results, based on small numbers of cases, are probably due to other
factors.

Our interest in conducting a study of cancer
incidence and waterborne asbestos was stimu-lated, as was that of previous researchers, by the
known carcinogenic effect of inhaled asbestos
(12) and the discovery of asbestos fibers in a
number of public water supplies (3—5).

All previous studies of the potential carcino-
genic effect of imbibed asbestos, however, have
been ecologic ones (6-13). In almost all of the
previous studies, asbestos exposure was imputed
from residence at the particular moment of the
study, with no measurement of the duration or
degree of individual exposure, or the pattern of
individual migration.
In contrast, our study, which is described more

fully elsewhere (14), determined individual expo-
sure through in-person interviews with cancer

•Fred Hutchinson Cancer Research Center, 1124 Columbia
St. Seattle, WA 98104.

tSchool of Public Health and Community Medicine, Univer-
sity of Washington, Seattle, WA 98195.

cases or their next of kin and with members of a
control group.
Materials and Methods
Study Area

We chose cases and controls from the Everett,
WA, area, which has used the Sultan River as a
source of drinking water since 1918; Sultan River
tapwater has concentrations of chrysotile asbes-
tos around 200 million fibers/L, among the high-
est in the United States (5,15).
Since a large volume of migration into the

study area could produce a population with small
cumulative exposures, we limited our study area
to 1970 census tracts with lower than average
migration rates.
Cases

Data on incident cancer cases were obtained
through the Cancer Surveillance System (CSS), a
population-based tumor registry that covers 13
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counties and a population of nearly 3 million in
western Washington. The CSS is part of the Sur-
veillance, Epidemiology, and End Results (SEER)
Program of the National Cancer Institute (16).All invasive or in situ cases of cancer of thebuccal cavity (excluding the lip), pharynx, re-spiratory system, digestive system, bladder, or
kidney newly diagnosed between November 1977
and December 1980 were identified. The siteswere chosen primarily on the basis of preceding
studies, particularly the reported positive find-ings of Kanarek et al. (12), sites previously impli-cated in studies of airborne asbestos, sites that
might be involved in elimination of asbestos fi-
bers, and sites along the alimentary tract

Only those individuals between 40 and 79 yr of
age who resided in the eligible census tracts at
the time of diagnosis were included in this study;
both living and deceased were included.
Controls

We chose unmatched population controls of the
same age range (40-79) and from the same group
of 25 census tracts as the cases, using standard
area sampling methods. We attempted to sched-
ule an interview with each person of eligible age
in 649 households selected.
Questionnaire
In-person interviews with subjects or next of

kin focused on residence and workplace history,
and the amount of water consumed by each indi-
vidual. Information on other risk factors was also
collected.
Quality Control Procedures
Quality control procedures included interview

validation, independent receding, and compari-
son of interview information with secondary
sources. Since extensive concern has been ex-
pressed over the use of surrogate interviews for
deceased cases (17), we compared a sample of
subjects' residence and occupation histories withlistings in independent, annually published Ever-
ett City Directories (18) from 1930 to 1980.

Exposure to Imbibed Asbestos
By meeting with representatives of water com-

panies, we learned the history of water district
boundaries and could determine the source of
tapwater (and the asbestos concentration) for any
given location and date.

We then calculated four separate variables ex-
pressing cumulative exposure to imbibed asbestos

for each subject. The calculations were based on
each subject's residence and workplace history
and on typical water consumption from all
sources "five years ago." The first variable was
based only on residence history and workplace
history. The second variable was obtained bymultiplying the first variable by the total amount
of water intake as determined from the water
consumption questions.

The second pair of variables was calculated in a
similar fashion, except that we ignored all resi-
dence and work locations during a presumed 10-
yr latent period prior to diagnosis or interview.
Statistical Methods

We estimated cancer risk by fitting a logistic
regression model (19). The dependent variablewas a dichotomous indicator of a specific cancer
site versus control status. Predictor variables al-
ways included age and cumulative exposure to
asbestos in water. Other covariates included well-
established risk factors such as smoking. For each
site, each sex was analyzed separately except for
a few sites in which small numbers required a
joint analysis. In such cases, sex was included as a
covariate. Cross tabulation and other methods
were used to check the logistic regression results.

We also estimated the statistical power of the
logistic regression method to detect cancer risk.

Results
Interviewing Completion Rates

Of the total 445 eligible cases, the overall re-
fusal rate was 13.5%. Of the total 549 eligible
controls, the refusal rate was 11.7%.

After the interview and before analysis, we
limited the study to white subjects, since we
found only one nonwbite subject. Two additional
interviews with the next of kin of subjects werealso excluded because virtually all answers were
"unknown." The final roster for analysis was 382
cases and 462 controls.
Quality Control Checks
Validation checks by supervisors showed that

the data collected by the interviewers were highly
reliable. A comparison of coding and independent
receding for a sample of subjects turned up an
average of only one disagreement per lengthy
questionnaire. Comparison of residence and em-
ployer histories with information from annual
city directories also showed low disagreement
rates that were similar across interviews with
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living cases, next of kin of deceased cases, and
controls.
Exposure Levels

The amount of exposure to chrysotile asbestos
in drinking water was extremely similar between
cases and controls. For example, 23% of the cases
and 21% of the controls had 30 yr or more of
exposure to Sultan River drinking water. If a 10-
yr latent period is taken into account, exposure is
still similar. The amount of water intake per
week was also very similar between cases and
controls.

Relative Risk
The validity of the data collected and the logis-

tic regression analysis are supported by reconfir-
mation of other known risk factors. The logistic
regression model, for example, produces coeffi-
cients that are generally positive for age (indica-
ting increasing cancer risk with age) and smok-
ing, and are in the right direction for other risk
factors.
Summarizing our findings for imbibed asbestos,

we found very few elevated risks of statistical
significance. Considering the relative risk for
each of the sites and for each of the four asbestos
exposure variables, we found no instance in
which the risk was elevated for both males and
females. The only statistically significant (p <
0.05) elevated risks occurred for male pharynx
and male stomach. The observed number of "sig-
nificant" results is not surprising considering the
number of comparisons made. As a summary
measure, we calculated the relative risk from the
logistic regression model for a 20-yr cumulative
use of the Sultan River tapwater versus no expo-
sure. On this basis, the male pharynx relative
risk (RR) was 2.99 (lower 95% confidence bound
= 1.43) with RR = 0.26 for females. The male
stomach relative risk was 1.71 (lower 95% confi-
dence bound = 1.06) with RR = 0.65 for females.
These estimated risks were similar for each of the
four asbestos exposure variables. For males, the
stomach cancer risks are bases on eight cases, and
the pharyngeal cancer risks are based on fourcases.

The pancreas, a site that we previously noted
was most consistently implicated by the various
ecologic studies (13), appears in our study with a
sex-inconsistent negative risk for males and a
positive risk for females. None of the risks was
statistically significant at the 5% level.
Sometimes risks become evident only at very

high levels of exposure. To test this, we calculated

relative risks for persons with 30 yr or more of
Sultan River exposure and compared them with
the risks for persons with 5 yr or fewer of expo-
sure. This analysis included only the digestive
system of males and females and all study sites
grouped for both sexes. The calculated risks were
nonsignificant and were similar to those based on
all exposure.
Power Considerations

For single-sex analyses, the minimum risk that
could be detected at the 5% significance level with
80% probability was under 2.0 for each sex for the
following sites or site groups: all study sites com-
bined, digestive system, respiratory system, colon
and lung.
Discussion
Some limitations of the study are worth noting.

We lack numbers of cases to make really solid
judgment about risk for the rarer sites, such as
the kidneys and gallbladder. It does appear, how-
ever, that the risk is unlikely to be large for any of
the sites we have studied, due to low calculated
risks or to sex-inconsistent results.

Another limitation is the effect of a possible
long latent period. The latent period for inhaled
asbestos appears to be about 30 yr (20). Exposure
prior to the latent period would increase the
power of the study. We note that about 25% of the
cases and controls had an onset of exposure begin-
ning at least 40 yr ago, even though we chose the
more stable census tracts in our area. The migra-
tion habits of U.S. residents generally result in
smaller exposures to geographically fixed sources
compared to such exposures in more stable popu-
lations.
Finally, the use of next of kin for deceased

cases, plus a few proxies for the eligible controls
who were unavailable for interview, may have
introduced some bias unknown to us, despite our
verification checks.
Balancing these limitations of the study, how-

ever, are a number of strengths. The exposures
are individually based and appear to be accu-
rately measured. The case and control refusal
rates were low, and the cases, from a population-
based tumor registry, are representative of all
cases in a community that does not have atypical
features. The controls, which had been carefully
drawn from the same population that contributed
the cases, were interviewed during the same pe-
riod. The community chosen for study has a very
high level of asbestos in water and has apparently
had this level for at least 60 yr.
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We would suggest that the next step in this line

of research should be to discuss the feasibility and
advisability of attempting to detect very low risks
or to detect risks for rare sites. We propose that
additional studies not be undertaken hastily,
since the ability to detect the risks involved may
not be available in current epidemiologic methods
except at great effort or expense.
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Mention of trade names or commercial products does notconstitute endorsement or recommendation for use.
REFERENCES

1. Selikoff, L. J., Churg, J., and Hammond, E. C. Asbestosexposure and neoplasia. J. Am. Med. Assoc. 188: 22-
26(1964).

2. Enteriine, P. E., and Kendrick, M. A. Asbestos-dust expo-
sure at various levels and mortality. Arch. Environ.Health 15:181-186(1967).3. Cunningham, H. M., and Pontefract, R Asbestos fibres inbeverages and drinking water. Nature 232: 332-333(1971).

4. Cook, P. M., Glass, G. E., and Tucker, J. H. Asbestiformamphibole minerals: Detection and measurement of highconcentrations in municipal water supplies. Science 185:
853-855(1974).

5. Millette, J. R., Clark, P. J., Pausing, M. F., and Twyman,
J. D. Concentration and sue of asbestos in water supplies.
Environ. Health Perspect 34:13-25(1980).6. Mason, T. J., McKay, R. W., and Miller, R W. Asbestos,
like fibers in Duluth water supply; relation to cancer
mortality. J. Am. Med. Assoc. 228:1019-1020(1974).

7. Levy, B. S., Sigurdson, E., Mandel, J., Laudon, E., and
Pearson, J. Investigation of possible effects of asbestos in
city water Surveillance of gastro-intestinal cancer inci-dence in Duluth Minnesota. Am. J. Epidemiol. 103: 362-368(1976).

8. Wigle, D. T. Cancer mortality in relation to asbestos inmunicipal water supplies. Arch. Environ. Health 32:185-190(1977).
9. Hanington, M. J., Craun, G. F., Meigs, J. W., Landrigan,P. J., Flannery, J. T., and Woodhull, R. S. An investigationof the use of asbestos cement pipe for public water supplyand the incidence of gastrointestinal cancer in Connecti-

cut, 1935-1973. Am. J. Epidemiol. 107: 96-103(1978).10. Meigs, J. W., Walter, S. D., Heston, J. F., Millette, J. R.,Craun, G. F., Woodhull, R. S., and Flannery, J. T. Asbestos
cement pipe and cancer in Connecticut 1955-1974. J.Environ. Health 42:187-191(1980).11. Conforti, P. M., Kanarek, M. S., Jackson, L. A., Cooper,R C., and Murchio, J. C. Asbestos in drinking water andcancer incidence in the San Francisco Bay Area: 1969-
1974. J. Chronic. Dis. 34:211-224(1981).12. Kanarek, M. S., Conforti, P. M. Jackson, L. A., Cooper,
R C., and Murchio, J. C. Asbestos in drinking water andcancer incidence in the San Francisco Bay Area. Am. J.EpidemioL 112:54-72(1980).13. Polissar, L., Severson, R K., Boatman, E. S., and Thomas,D. B. Cancer incidence in relation to asbestos in drinkingwater in the Puget Sound region. Am. J. Epidemiol. 116:
314-328(1982).14. Polissar, L., Severson, R K., and Boatman, E. S. A casecontrol study of asbestos in drinking water and cancerrisk. Am. J. Epidemiol., in press.15. Millette, J. R, Clark, P. J., and Pausing, M. F. Exposureto Asbestos from Drinking Water in the United States.Environmental Health Effects Research Report, Office of
Research and Development, EPA-600/1-79-028,1979.16. Surveillance, Epidemiology, End Results: Incidence andMortality Data: 1973-1977. NCI Monograph, Vol. 57, Na-tional Cancer Institute, 1981.17. Gordis, S. Should dead cases be matched to dead controls?Am J. Epidemiol. 115:1-5 (1982).18. R. L. Polk and Co. 1980 Everett City Directory. Kansas
City, 1980.19. Prentice, R. L. Use of the logistic model in retrospective
studies. Biometrics 32: 597-606 (1976).

20. Selikoff, I. J., and Lee, D. H. K. Asbestos and Disease.Academic Press, New York, 1978.



Environmental Health Perspectives
Vol. 53, pp. 61-67, 1983

Observations of Cancer IncidenceSurveillance in Duluth, Minnesota
by Eunice E. Sigurdson*

In 1973, amphibole asbestos fibers were discovered in the municipal water supply ofDuluth, Minnesota. The entire city population of approximately 100,000 was exposed fromthe late 1960s through 1976 at levels of 1-65 million fibers per liter of water. Because ofprevious epidemiologic studies that linked mesothelioma, lung and gastrointestinal can*cers to occupational exposure to asbestos, surveillance of cancer incidence in residents ofDuluth was initiated to determine the health effect from ingestion of asbestos. Themethodology of the Third National Cancer Survey (TNCS) and SEER Program was used.
Duluth 1968-1971 rates were compared with TNCS rates for the cities of Minneapolis andSt Paul during 1969-1971; Duluth rates during 1974-1976 are compared with Duluth
1969-1971; Duluth rates during 1979-1980 are compared with Duluth 1969-1971 and withIowa SEER; and a table of the occurrence of malignant mesothelioma is presented.
Statistically significant excesses are observed in several primary sites in Duluth resi-dents. However, lung cancer in Duluth females is the only primary site considered also ofbiological significance. The mesothelioma incidence rate is no more than expected. Thispaper also describes the problems of long-term surveillance of exposed populations
considered at risk of environment cancer, the need for improved study methodologies
and the use of federal records for follow up of exposed individuals.

Introduction
Before presenting recent findings from the sur-

veillance of cancer incidence in Duluth, it seems
appropriate to review the history of the situation
and the duration and intensity of exposure to
amphibole in the city, which at the time of expo-sure had a population of approximately 100,000.
In 1973, amphibole fibers were discovered in

the municipal water supply of Duluth through
studies done by the Environmental Protection
Agency. A Federal Court ruling indicated that
the fibers were a result of a taconite mining
company dumping taconite tailings wastes into
Lake Superior since 1955 (1). In the late 1950s,
the mining company, which is located 50 miles
northeast of Duluth on the lake, increased the
amount dumped to approximately 67,000 tons per
day, which continued into 1980. Taconite is low-
grade iron ore that is mined and processed into
pellets of higher grade iron ore and shipped to
steel mills on the Great Lakes. This particular

•Chronic Disease Epidemiology Section, Minnesota Depart-
ment of Health, 717 S.E. Delaware Street, Minneapolis, MN
55440.

supply of taconite is mined from amphibole-bear-
ing rock. Cummingtonite-grunerite is the princi-
pal amphibole in this deposit.

U.S. EPA data on Duluth water samples in
1939-1940 and 1949-1950 indicated trace
amounts of fibers, but samples from 1965 con-
tained large amounts of amphibole. It is not
known when amphibole fiber levels increased to
those levels. The 1973 tapwater samples collected
by EPA contained 1 to 30 million amphibole fi-
bers/L, the level generally dependent on lake
weather conditions and length of time the water
was in the water distribution system (2). In 1976,
water samples were collected from 20 homes in
Duluth and a range of 2 to 64 million amphibole
fibers/L was found. Storm conditions in the lake
have produced levels as high as 100 million fibers/
L. Electron microscope studies at the Minnesota
Department of Health have indicated that the
physical characteristics of the fibers are: a mean
length of 1.13 |im, a mean width of 0.18 \un and
thus, an aspect ratio (length/width) of 6.5:1 (un-
published, Minnesota Department of Health,
1978). The aspect ratio of Duluth amphibole is
double that of the OSHA arbitrary definition of a
fiber with a minimum aspect ratio of 3:1.
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A water filtration plant in Duluth became oper-

ational in January 1977, removing 99.9% of the
fibers. The length of exposure for Duluth resi-
dents may be considered to be 17 years, 1960-
1976, and the level of exposure to be in the rangeof 1 to 65 million fibers/L. Until recently, monitor-
ing of the water supply occurred daily at one ofseveral points in the entire water distribution
system.
In 1974, because of the known health risk of

cancer to those occupationally exposed by inhala-
tion to asbestos (3-11) and the public health con-
cern regarding the unknown risk of those ingest-ing asbestos from a public water supply, a study of
cancer in Duluth residents was designed to deter-mine cancer incidence during 1969-1981.
Generally, 10-20 yr is considered the inductionperiod for cancer of most primary sites and maybe as long as 30-50 yr following asbestos expo-sure (12). Therefore, Duluth cancer incidence

rates during 1969-1971, approximately 10 yr fol-
lowing the initiation of exposure, are considered
baseline rates with which to compare the resultsof surveillance through time. The rates beginning
in the mid-1970s would be the first rates thatcould reflect any possible increase in cancer due
to exposure, assuming exposure began in approxi-
mately 1960.

Methods
The methodology used was that of the Third

National Cancer Survey (TNCS) of 1969-1971(13) and the current SEER Program at the Na-
tional Cancer Institute (14). Personnel whoworked on the Minneapolis-St. Paul component of
the TNCS have conducted the study in Duluth.This has been important for the standardization
and uniformity of methodology and data collec-tion procedures and for the comparison of data
between study areas.
The study requires the identification of all can-

cer cases in the study population through thereview of hospital medical records, pathology and
autopsy reports, and death certificates, and theabstracting of patient charts at the three hospi-tals in Duluth, the Mayo Clinic, and the Univer-
sity of Minnesota and Veterans AdministrationHospitals in Minneapolis. The abstracted infor-
mation includes name and address of patient, age,
sex, race, date of diagnosis, primary site andhistology, and hospital of diagnosis.Duluth rates during 1969-1971 are compared
with TNCS rates for the cities of Minneapolis andSt. Paul, by using the Mantel-Haenszel method
for determination of statistical significance (15).
Minneapolis and St. Paul are considered excellent

Table 1. Characteristics of populations of Duluth and comparison cities.*

Tbtal population (1970 census)
Median ageMales
Females

Birthplace% born in Minnesota
% foreign-born

% foreign stock (foreign-born individuals + natives of foreign or mixed parentage)
Norwegian and SwedishGerman and Austrian
Finnish

% white
% who lived in same county in 1965 as in 1970
Median no. of school yean completed (for population a 25 yr old)% of males a 16 yr old in civilian labor force unemployed
% families below poverty level
Mf4iAl* family aiyjt
Median family income
% in selected occupations
Professional, technical, and kindred workersCraftsmen, foremen, and kindred workers
Laborers except farmers

% in selected industriesMining
ConstructionManufacturing

Duluth
100,578

27.8
31.5
69.9
5.2

27.9
10.4
2.5
2.8

98.3
82.1
12.3
6.0
7.4

3.48
$9,313

16.4
13.0
4.8
0.6
4.8

16.4

Minneapolis
434,400

27.830.7
67.1
4.8

23.9
9.4
3.4
0.5

95.6
75.912.3
4.2
7.2
3.26

$9,960
16.5
10.7
4.2
0.1
4.2

20.5

StPaul
309,980
26.3
29.7
72.6
3.9
21.8
4.4
5.2
0.2
95.4
79.7
12.2
3.6
6.4
3.52
$10,544
16.5
11.7
4.3
0.1
4.7
25.1

•Based on 1970 U.S. census data.



CANCER INCIDENCE IN DULUTH, MN 63
comparison cities because of similar population
characteristics. Table 1 lists data from the 1970
census and generally indicates that age, sex and
race distributions and socioeconomic, occupa-
tional, and ethnic factors (all of which are asso-
ciated with cancer incidence rates) are similar for
the three cities. Important detailed dissimilari-
ties are noted for the Duluth population; namely,
smaller size, higher percentage of foreign stock,
higher percentage of males 16 years of age and
older unemployed, a sixfold excess of the popula-
tion in mining industries and lower percentage in
manufacturing industries. Minneapolis and St.
Paul municipal water supplies are also known to
have very low levels of amphibole fibers, at least
an order of magnitude lower than Duluth (Minne-
sota Department of Health, unpublished data,
1979).
There are no existing cancer incidence data for

Minneapolis and St. Paul since 1969-1971.
Standardized morbidity ratios (SMRs) compare
Duluth rates during the later years of the current
study period of 1969-1981 with rates from the
Iowa component of the SEER Program. Tests of

statistical significance were performed, using a
method defined by Bailar (16). Future analysis of
the entire study period will include comparison
with SEER data from selected cities of Iowa be-
cause of similar population characteristics as de-
scribed above for the cities of Minneapolis and St.
Paul. Those Iowa cities are known to be virtually
free of amphibole fibers in their municipal water
supplies (J. Millette, Health Effects Research
Laboratory, U.S. EPA, personal communication).
It is important to note that the methodologies

of the cancer incidence studies of Duluth, San
Francisco, and Seattle (all presented at this work-
shop) are virtually identical. A common study
methodology makes comparison of those study
results quite meaningful among the three cities,
all with different exposure factors.

Results
Tables 2 and 3 contain absolute numbers of

Duluth cancer cases and average annual age-
adjusted incidence rates of selected primary sites
for males and females, respectively, in the cities

Table 2. Cancer incidence rates of selected sites, male residents of Duluth and comparison cities 1969-1971, and
Duluth 1974-1976.

Average annual age-adjusted rates
per 100,000 population*

1969-1971

Primary site
All sites combined
Total gastrointestinal
Stomach
Colon, excluding rectum
Transverse colon
Descending colon
SigmoidCecum
Ascending colon
Rectum
Liver
Pancreas
Peritoneum, retroperitoneum.
ultra-abdominal

Other peritoneum and
digestive

Lung and bronchus
PleuraProstate
Bladder
Kidney and renal pelvis
Lymphomas
Multiple myeloma
Leukemias

Rate
388.0
109.620.2

34.3
6.4
4.0
7.4
7.9
4.9

13.8
3.2

16.9
4.3
2.8

75.5
0

90.4
21.5
10.8
8.0
5.9

13.6

Duluth
Number

667
191
36
60
11

7
13
14
8

24
5

30
7
5

128
0

161
37
17
13
10
23

Minneapolis
rate

375.7
106.8

16.7
40.8
6.0
3.9

12.9
10.6
3.8

13.1
3.0

14.2
1.4*
0.3t

70.1
0.3

69.3t
23.7
11.6
12.4
4.0

12.9

St. Paul
rate

362.4
106.8

14.3
42.6

7.9
3.8

15.2«
8.0
4.3

17.6
2.3

11.8
1.5
0.2t

64.7
0.4

68.0t
20.0
10.5
11.1
3.8

15.6

1974-1976,
Rate
361.4

94.4
15.0
28.5
7.2
1.6
8.8
7.9
1.7

21.6
0.6

14.4
0
1.1

68.6
3.1

71.7*
24.2
8.1

14.1
1.7

14.8

Duluth
Number

617
163
26
49
12
3

15
14
3

37
1

25
0
2

116
5

127
42
14
22
3

25
'Rates were age-adjusted using the 1970 Minnesota population as the standard.
•Statistically significant difference with Duluth 1969-1971 at p s 0.05.
tStatistically significant difference with Duluth 1969-1971 at p s 0.01.
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Table 3. Cancer incidence of selected sites, female residents of Duluth and comparison cities 1969-1971, and Dnluth

1974-1976.
Average annual age-adjusted rates

per 100,000 population*
1969-1971

Duluth
Primary site
All sites combinedTotal gastrointestinal
StomachColon, excluding rectum
Transverse colon
Descending colonSigmoidCecum
Ascending colonRectum
Liver
PancreasPeritoneum, retroperitoneum.
intra-abdominalOther peritoneum and
digestive

Lung and bronchus
Pleura
Breast
Cervix
Corpus
Bladder
Kidney and renal pelvis
Lympnomas
Multiple myelomaLeukemias

Rate
332.1

83.8
9.9

34.7
7.7
13
6.3

10.1
4.8
8.2
1.0

13.2
0.5
1.5
9.3
0

89.9
25.3
27.1
6.3
8.4
6.1
0.5

10.6

Number
613162
19
67
15

2
12
20

9
16
2

26
1
3

18
0163

41
53
12
16
11
1

19

Minneapolis
rate

320.2
78.89.3
37.9
5.12.510.9
9.7
5.7
9.0
0.9
8.3
1.2
0.8

14.7
0.1

90.8
18.1
18.9* .
6.8
6.6
9.2
6.2t

10.0

St. Paul
rate

327.2
84.2
11.8
38.7
5.7
4.4
11.8*
8.6
5.3
9.2
2^
9.9
2.6
0.2

12.6OJ2
78.2
28.3
24.8
9.1
6.5

10.6
3.1
7.8

1974-1976, Duluth
Rate
333.7

74.5
7.8

31.7
4.0
2.0
9.2
9.2
5.2

10.0
0
8.7
1.1*
0.5

17.9*
0.5

86.4
15.7
43.5*
7.1
7.3

11.8
4.2*
9.8

Number
631
145
15
628

418181019
017
2
1

34
1

162
25
84
14
14
22

8
18

'Rates were age-adjusted using the 1970 Minnesota population as the standard.
'Statistically significant difference with Duluth 1969-1971 at p s 0.05.
tStatistically significant difference with Duluth 1969-1971 atp s 0.01.

of Duluth, Minneapolis, and St. Paul during
1969-1971 and Duluth during 1974-1976. Du-
luth rates during the earlier time period are com-
pared with Minneapolis and St. Paul, and Duluth
rates during the later period are compared with
rates during the earlier period. Comparisons have
been made for 84 primary sites, and those that
may be considered at risk of cancer from ingestion
of asbestos are presented in the tables.
In the 1969-1971 comparisons, excesses in Du-

luth that are statistically significant are ob-
served, by sex and primary site, for male perito-
neum, retroperitoneum and intra-abdominal;
male other peritoneum and digestive; female
uterine corpus; and male prostate. In the compar-
ison between the two Duluth time periods, statis-
tically significant increases are observed for fe-
male peritoneum, retroperitoneum, and
intra-abdominal; female lung cancer; female
uterine corpus; and female multiple myeloma. A
decrease in male prostate is statistically signifi-
cant. Data from some of these sites involve very

small numbers and must be interpreted with cau-
tion even though statistically significant.
Table 4 provides the most recent data for Du-

luth, for 1979-1980 for males and females sepa-
rately, again for selected sites. Absolute numbers
of cases, average annual crude incidence rates,
and SMRs compare Duluth 1979-1980 rates with
rates for Duluth 1969-1971 and with the State of
Iowa SEER 1973-1977 for whites only. The only
statistically significant excesses are Duluth fe-
male lung cancer during 1979-1980 in compari-
son with Duluth rates during 1969-1971, and
Duluth male stomach cancer during 1979-1980
in comparison with Iowa SEER 1973-1977. How-
ever, the Duluth female lung cancer rate is not
statistically significant when compared with that
for Iowa, and the Duluth male stomach cancer
rate is not statistically significant when com-
pared with that for Duluth 1969-1971.

Table 5 contains the number of cases of pleural
and peritoneal malignant mesothelioma in resi-
dents of Duluth, by year of diagnosis during
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Table 4. Duluth cancer incidence for selected sites during 1979-1980, and standard morbidity ratios.

Duluth average
annual crude
incidence rate

Total number
Primary site
Stomach
Colon, excluding rectum
Rectum and rectoaigmoid
LiverPancreas
Peritoneum, retroperitoneum
and intra-abdominal

Total gastrointestinal
Lung and bronchus
Pleura
Prostate
Female breast
Bladder
Kidney and renal pelvis
All sites combined

Male
18
44
19
2
6
1

90
64
1

81—
28
10

364

Female
13
50
14
3
11
2

93
29

0—
93
11
5

399

1979-1980*
Male
20.5
50.1
21.6
4.6
6.8
—

102.6
72.9—
92.3—
31.9
11.4

414.8

Female
13.3
51.114.3
3.1

11.2
—

95.0
29.6—
—
95.0
11.2
5.1

407.7

SMR,
Duluth 1979-1980b

Male
0.8
1.1
1.1
0.8
0.3
— .
0.8
0.8—
0.8—
1.2
0.9
0.9

Female
0.91.0
0.7
1.5
0.6
_
0.8
2.3*—
—
0.8
1.2
0.4
0.9

SMR,
Duluth 1979-1980'
Male
1.7t
1.2
0.9
1.0
0.5
_
1.0
0.9—
1.2—
1.11.21.0

Female
1.6
0.9
0.7
1.7
0.9
—
0.9
1.5—
—
0.9
1.0
0.8
0.9

•Based on the Duluth 1980 population.
''Expected numbers of cancers from application of 1969-1971 Duluth age-sex-specific incidence rates to the 1980 Duluth population.
'Expected numbers of cancers from application of the 1973-1977 Iowa white age-sex-apecific incidence rates to the 1980 Duluth

population.
'Statistically significant atp < 0.01.
^Statistically significant atp < 0.05.

1969-1980. There were nine cases of pleural and
one case of peritoneal during the 12 years of
observation. For such a rare disease, it is appro-
priate to average the number of cases during the
study period. This results in an average of 0.75
cases per 100,000 population of pleural mesothe-
lioma occurring per year compared to the ob-
served frequency of 0.2 cases per 100,000 per year
in the Minneapolis-St. Paul component of the
TNCS. The SMR (9 observed cases, 2.4 expected)of 3.75 is statistically significant atp = 0.01 (16).
An increase in diagnostic surveillance during the
mid-1970s, generated from increased concern in
this community relative to malignant mesothe-
lioma, may partially account for these differ-
ences. Based on the observed frequency of pleural
malignant mesothelioma, one would expect ap-
proximately one newly diagnosed case per year.
In fact, six cases were ascertained during the 3-yr
period of heightened concern, 1974-1976, which
is double the expected frequency of three.
Discussion

We are unable to explain the variations in rates
and the differences that are statistically signifi-
cant. However, it is clear that rate differences
between geographic areas and through time do
occur without any apparent biologic reason. Also,
in the determination of statistical significance at
the p = 0.05 level, for every 100 comparisons, 5%

Table 5. Malignant mesothelioma in residents of Duluth
1969-1980.

Pleura
Male Female

Peritoneum
Male Female

1969
1970
1971
1972
1973
1974
1975
1976
1977
1978
1979
1980
Tbtal

—
1
2
1—
—
1—
1
6

—
—
1—
2_
—
—
—
3

— —

— _
_ _
_ _
— 1
—— __
__ __
—— __
—— ——

—— 1

will be statistically significant by chance alone.
In our opinion, the only statistically significant
result with clear biological significance is the
increase in female lung cancer in Duluth, un-
doubtedly a reflection of the increase in cigarette
smoking over the past few decades. This increas-
ing trend of lung cancer in women is seen nation-
ally (14). The marginally statistically significant
excess of stomach cancer in Duluth males, com-
pared with Iowa, is consistent with historical
observations of stomach cancer mortality for St.
Louis County, the location of Duluth (17). The
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lack of a statistically significant excess in Duluth
females, compared with Iowa, is probably due to
the smaller number of female cases. Historically,the rates have been high for stomach cancer in
males and females long before the occurrence of
asbestos exposure. However, the impact of asbes-tos exposure on the risk of stomach cancer inexcess of the risk attributed to known risk factors
(i.e., Scandinavian dietary practices) on current
cases, cannot be determined (18). Other differ-
ences of Duluth cancer incidence rates may be
important, and a longer time of surveillance
coupled with evaluation of mobility and follow-up
of the exposed population will need to be con-ducted before these issues can be resolved.

Needs of Further Research
In my opinion, it will be important to complete

the analysis of study period 1969-1981 so that
three solid years of data during 1979-1981
around the 1980 census year can be analyzed. At
that time, thorough review and analyses of all the
data should be conducted. In addition, plans
should be made to continue the surveillance, pos-
sibly using a modified methodology to accommo-
date the entire length of exposure of 17 yr and the
induction periods of 30-50 yr. Furthermore, theintent of the study design was to incorporate
methods for determining length of residency of
Duluth cancer cases as a measure of length of
exposure and also for determining migration pat-
terns of the exposed population more scientifi-
cally than the Census Bureau data currently can
permit. A basic problem in study methodology
arises in such long-term surveillance when one
questions to what degree the observed cancer
incidence is measuring the occurrence of disease
in the actual exposed population, even for the city
of Duluth, which is considered to be a very stable
population.
Similar questions also arise for this and other

diseases perceived to be environmental threats to
human health and yet having very long latent
periods. These questions require new methodolo-
gies and procedures such as rapidly registering
exposed individuals at time of exposure, taking
biologic specimens, and incorporating methods of
long-term follow-up. Such follow-up would be ac-
complished much more easily, and scientific study
would probably be much more valid if it were
possible to use some IRS records and Census
Bureau records of individuals in large, exposed
populations. Use of those records would greatly
enhance and enable long-term follow-up in epide-
miologic and biomedical research and would re-

duce the expense of more difficult and time-con-
suming follow-up procedures, which are now
required (19).
It is apparent that there is another major area

of needed epidemiologic research regarding the
health effects from the ingestion of asbestos in
drinking water—the need for development ofmethods for clinical laboratory studies applied
within an epidemiologic design, which would ad-
dress questions related to low-level dose-response
effects, host sensitivity and reactivity for large
populations, and the effects of three variables
known to affect carcinogenicity of asbestos fibers:
the structure, geometry, and surface adsorption
characteristics of fibers. Currently, it is difficult
to predict the carcinogenic behavior of fibers in
vivo in both animals and humans.

The author gratefully acknowledges the assistance of Barry
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Effect of Population Density on the Results ofthe Study of Water Supplies in Rve CaliforniaCounties
by Paul M. Conforti*

Two previous studies (1968-1971 and 1969-1974) examined the association between
cancer incidence and chrysotile asbestos ingested through drinking water in the San
Francisco-Oakland Standard Metropolitan Statistical Area (SMSA). Population density,
an important covariable in the association between cancer and environmental agents,was not included in the analyses of these studies. The present work determines the effect
of this covariable on the results of the second San Francisco-Oakland SMSA study. The
original and reanalyzed results are compared to reassess the association between cancerand asbestos. The only change in the regression procedures of the original studies was
the addition of population density as an independent variable in the reanalysis. The
results of the reanalysis showed that population density had little effect on the results of

. the second study. Slightly more significance was found for asbestos regression coeffi-
cients in the reanalysis, including population density, than in the original analysis. Theseregression coefficients for asbestos indicated a positive association between ingestedchrysotile asbestos and some cancer body sites. The conclusion of the reanalysis was that
population density was distributed across the San Francisco-Oakland SMSA in such a
way that it had little effect on the observation of an association between ingested asbestos
and cancer.

Introduction
The association between ingested chrysotile as-

bestos and cancer was investigated in a project
entitled "Asbestos in Domestic Water Supplies in
Five California Counties," which was sponsored
by the U.S. Environmental Protection Agency
(U.S. EPA). In that project, standard incidence
ratios for cancers of various body sites were ana-
lyzed for their associations with ingested asbestos
through drinking water while the covariables of
socioeconomic status, marital status, and asbes-
tos-related industries were controlled. The study
area was the San Francisco-Oakland Standard
Metropolitan Statistical Area (SMSA) and the
unit of observation was the census tract. Ques-
tions have been raised concerning the validity of
the results of that work because population den-
sity of the SMSA and census tracts were not
considered in the analysis. The present work in-

•Group in Biostatistica, 140 Earl Warren Hall, University of
California at Berkeley, Berkeley, CA 94720.

eludes population density in a reanalysis of the
data accumulated under the U.S. EPA-Sponsored
project.

Two studies emerged from the research on as-
bestos and cancer in the San Francisco-Oakland
SMSA. Cancer incidence between 1969 and 1971
was analyzed in the initial study and has been
reported by Kanarek et al. (1). A second study of
cancer incidence between 1969 and 1974 was car-
ried out and published by Conforti et al. (2). The
present work is a reanalysis of the 6-yr data base
(1969-1974) to determine the effect of population
density on the observation of an association be-
tween ingested asbestos and cancer.

Methodology
Population density data (square kilometers of

each 1970 census tract and population figures)
were obtained from the Socio-Economic-Environ-
mental Demographic Information System
(SEEDIS) of the Computer Science and Mathe-



70 P. M. CON FORT!
matics Department, Lawrence Berkeley Labora-
tory, University of California, Berkeley (3). The
square kilometers for each 1970 census tract werecalculated in the SEEDIS system from coordi-
nates of latitude and longitude on the boundaries
of the census tracts. Coordinates were used tocreate triangles within the tracts, and the areasof these triangles were calculated and summed to
yield the square kilometers per census tract. The
coordinates were obtained from the Dual Inde-

pendent Map Encoding (DIME) file of the 1970
Census of Population and Housing of the Bureauof the Census (4).
Since the reanalysis was made for the 6-yr

cancer incidence data (1969-1974) and the mid-point of that study period was January 1, 1972,extrapolated population figures (based on 1960
and 1970 censuses) for January 1,1972 were usedin calculating population density. The extrapola-
tion required identical boundaries between. 1960

Table 1. Cancer sites analyzed in asbestos study of San Francisco-Oakland SMSA, incidence, 1969-74.
Siteno.
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35

Name
All sites
All digestive
Digestive tractEsophagusStomach
Small intestineColonRectum
Digestive-related organsLiverGallbladder
PancreasRetroperitoneum
Digestive organ NOS*All respiratory
Larynx
Trachea, bronchus, lung
Pleura
Mediastinum
Breast
Female reproductiveCervix uteri
Corpus uteri
Ovary
ProstateUrinaryKidney
Bladder
Brain
ThyroidHodgkin's disease
Leukemia
Lung small cell carcinomaLung squamousLung adenocarcinoma NOS*

RCEsite
no.«

010-940
500-690
500-549
500-509
510-519
520-529
530-539
540-549
550-589
550-551
560-569
570-579
580-589
590
619-639
619620-621
630
631700-709
710-759
710
720
750
770
800-810
800-804
810
930
940
010
040-049
621 RCE-hist 804621 RCE-hist 807
621 RCE-hist 814

ICD 8th Rev.
site nos.b

150-159
150-154150
151
152
153
154
155-158
155
156
157
158
159
161-163161
162
163.0
163.1
174
180-183
180
182.0
183.0
185
188-189
189
188
191
193
201
204-208

•Manual of Tumor Nomenclature and Coding.
''Eighth Revision International Classification of Diseases, 1968.
'Not otherwise specified.

Table 2. Number of super tracts in tract groupings by chrysotile asbestos fiber counts of the San Francisco-Oakland
SMSA, 1972.

Chrysotile asbestos fibers/1,

Number of super tracts

25,000-
305,812

92

310,000-
330,000

110

350,000-
19,542,843

107

20,000,000-
36,000.000

101
Total
410



POPULATION DENSITY IN STUDY OF ASBESTOS AND CANCER 71
Table 3. Frequency distribution of population density for 427 super tracts of the San Francisco-Oakland SMSA, 1972.

Population/km*
0-1000

1000-2000
2000-3000
3000-̂ 000
4000-6000
5000-6000
6000-7000
7000-8000
8000-9000
9000-10000

10000-11000
11000-12000
12000-13000
13000-14000
14000-15000
15000-16000
16000-17000
17000-18000
18000-19000
19000-20000
20000-21000
21000-22000
22000-23000
23000-24000
24000-25000
25000-26000
26000-27000
27000-28000
28000-29000
29000-30000
30000-31000
31000-32000
32000-33000
33000-34000
34000-35000
35000-36000
36000-37000
37000-38000
38000-39000
39000-40000

Frequency
82
37
56
63
48
31
20

9
14
9
8
8
8
35
3
1
1
3
2
1
0
2
2
0
3
1
0
2
0
0
0
21
0
0
0
1
0
1

427

Relative frequency,
%

19.2
8.7

13.1
14.8
11.2
7.3
4.7
2.1
3.3
2.1
1.9
1.9
1.9
0.7
1.2
0.7
0.2
0.2
0.7
0.5
0.2
O'.O
0.5
0.5
0.0
0.7
0.2
0.0
0.5
0.0
0.0
0.0
0.5
0.2
0.0
0.0
0.0
0.2
0.0
0.2

Cumulative frequency,
%
19.2
27.9
41.0
55.8
67.0
74.3
79.0
81.1
84.4
86.5
88.4
90.3
92.2
92.9
94.1
94.8
95.0
95.2
95.9
96.4
96.6
96.6
97.1
97.6
97.6
98.3
98.5
98.5
99.0
99.0
99.0
99.0
99.5
99.7
99.7
99.7
99.7
99.9
99.9

100.0

and 1970 census tracts. Census tracts in 1960 and
1970 were not in one-to-one correspondence. Cen-
sus tract groupings (super tracts) were developed
that had corresponding geographical boundaries
between censuses. In 1970 there were 722 census
tracts in the San Francisco-Oakland SMSA. The
grouping of census tracts into super tracts yielded
427 super tracts. Square kilometers for each of
the 722 census tracts were summed in each of
their corresponding super tracts to yield square

kilometers per super tract. Population density
was then calculated for each super tract by divid-
ing population by square kilometers to yield pop-
ulation per square kilometer for each super tract.
Standard incidence ratios for 35 body sites of

cancer were used as the dependent variables in
the analyses. The independent variables were
socioeconomic status, marital status, asbestos-re-
lated industries, asbestos in drinking water, and
population density. Socioeconomic status was
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Table 4. Frequency distribution of population density for 199 super tracts of the West Bay Area, 1972.

Population/km!
0-1000

1000-2000
2000-3000
3000-4000
4000-5000
5000-6000
6000-7000
7000-8000
8000-9000
9000-10000

10000-11000
11000-12000
12000-13000
13000-14000
14000-15000
15000-16000
16000-17000
17000-18000
18000-19000
19000-20000
20000-21000
21000-22000
22000-23000
23000-24000
24000-25000
25000-26000
26000-27000
27000-28000
28000-29000
29000-30000
30000-31000
31000-32000
32000-33000
33000-34000
34000-35000
35000-36000
36000-37000
37000-38000
38000-39000
39000-̂ 0000

Frequency
35
14
21
24
13
10
5
5
116
8
7
7
3
4
3
1
1
3
2
1
0
2
2
0
31
0
2
0
0
0
2
1
0
0
01
01

199

Relative frequency,
%

17.6
7.0

10.6
12.1
6.5
5.0
2.5
2.5
5.5
3.0
4.0
3.5
3.5
1.5
2.0
1.5
0.5
0.5
1.5
1.0
0.5
0.0
1.0
1.0. o-o
1.5
0.5
0.0
1.0
0.0
0.0
0.0
1.0
0.5
0.0
0.0
0.0
0.5
0.0
0.5

Cumulative frequency,
%
17.6
24.6
35.2
47.3
53.8
58.8
61.3
63.8
69.3
72.3
76.3
79.8
83.3
84.8
86.8
88.3
88.8
89.3
90.8
91.8
92.3
92.3
93.3
94.3
94.3
95.8
96.3
96.3
97.3
97.3
97.3
97.3
98.3
98.8
98.8
98.8
98.8
99.3
99.3

100.0

measured by median family income and mean
years of schooling. Marital status was computed
as the proportion of unmarried persons in the
population. Asbestos-related industries were cal-
culated as the proportion of workers with poten-
tial occupational exposure to asbestos in indus-
tries such as the construction, electrical, and
textile industries. Asbestos was measured as the
number of chrysotile fibers per liter of drinking
water. These variables were recorded for each
super tract of the San Francisco-Oakland SMSA.

Regression analyses were performed including
population density. Correlations were calculated
between standard incidence ratios of cancer and
population density. Descriptive and summary
statistics were also computed.

Results
The cancer sites analyzed and their sources are

presented in Table 1. All major cancers except
skin and bone are included. Some of the cancer
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Table 5. Frequency distribution of population density for 228 super tracts of the East Bay Area, 1972.

Population/km?
0- 1000

1000- 2000
2000- 3000
3000- 4000
4000- 5000
5000- 6000
6000- 7000
7000- 8000
8000- 9000
9000-10000

10000-11000
11000-12000
12000-13000
13000-14000
14000-15000

Frequency
47
23
35
39
35
21
15

4
3
3
0
1
1
0
1

228

Relative frequency,
%

20.6
10.1
15.4
17.1
15.4
9.2
6.6
1.8
1.3
1.3
0.0
0.4
0.4
0.0
0.4

Cumulative frequency,
%
20.6
30.7
46.1
63.2
78.6
87.8
94.4
96.2
97.5
98.8
98.8
99.2
99.6
99.6

100.6

sites listed are individual body sites and others
are cancer site groupings such as Site No. 1 (all
sites) and Site No. 2 (all digestive). Individual
and grouped body sites are apparent from their
Manual of Tumor Nomenclature and Coding code
numbers and their Eighth Revision International
Classification of Diseases code numbers.

Table 2 presents the distribution of super tracts
grouped into four intervals of asbestos. The table
includes 410 super tracts instead of the original
427 because 17 super tracts with incomplete in-
formation were removed from the analysis. In
general, the two lowest asbestos intervals contain
the super tracts of the two counties east of the San
Francisco Bay (Alameda and Contra Costa), and
the two highest asbestos intervals contain the
super tracts of the three counties west of San
Francisco Bay (San Francisco, San Mateo, and
Marin).

Tables 3-10 show the frequency distributions of
population density by 1000 population per square
kilometer for super tracts of the SMSA, West Bay
and East Bay Counties, and San Francisco, San
Mateo, Marin, Alameda, and Contra Costa Coun-
ties. For the SMSA, the majority of super tracts
had populations per square kilometer of less than
5000. Of the 427 super tracts, 86% had less than
10,000 population/km2. The mean population per
square kilometer for the SMSA was 5391.38, with
a standard deviation of 6044.29.

West Bay and East Bay frequency distributions
(Tables 4 and 5, respectively) showed that the
most dense super tracts—those above 15,000 pop-
ulation per square kilometer—were found in the
West Bay Counties. The county frequency distri-

butions of population density (Tables 6-10) indi-
cated that the West Bay area had one high-den-
sity county (San Francisco) and two low-density
counties (San Mateo and Marin). The East Bay
area had one moderately dense county (Alameda)
and one low-density county (Contra Costa).

Table 11 presents the correlation coefficients of
cancer with population density for the 35 cancer
sites analyzed by sex for the white study popula-
tion. For the males, of 31 cancer sites (4 of the
listed sites are for female reproductive cancers),
15 had positive correlation coefficients and 16 had
negative coefficients. Three of the 15 positive coef-
ficients were significant (p< 0.05), whereas 10 of
the 16 negative coefficients were significant. This
may be a bit misleading, however. Note that Site
No. 1 (all sites) is significantly and positively
associated with population density. This is also
true for Site No. 15 (all respiratory). Although in
general it appeared that cancer was negatively
associated with population density for males,
closer scrutiny of this table indicated that a posi-
tive association existed between most major can-
cers and population density.

For females, the pattern is markedly different.
Of 34 cancer sites (one of the 35 sites is for male
reproductive cancer), 3 were positive and 31 were
negative. None of the positive coefficients was
significant, but 17 of the negative coefficients
were significant. The major cancers (digestive,
respiratory, breast, and female reproductive)
were negative and significant. The correlation of
asbestos with population density was 0.486.

The regression of cancer standard incidence
ratios on asbestos, covariables, and population
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Table 6. Frequency distribution of population density for 103 super tracts of San Francisco County, 1972.

Population/km?
ft- 1000

1000- 2000
2000- 3000
3000- 4000
4000- 5000
5000- 6000
6000- 7000
7000- 8000
8000- 9000
9000-10000

10000-11000
11000-12000
12000-13000
13000-14000
14000-15000
15000-16000
16000-17000
17000-18000
18000-19000
19000-20000
20000-21000
21000-22000
22000-23000
23000-24000
24000-25000
25000-26000
26000-27000
27000-28000
28000-29000
29000-30000
30000-3100031000-32000
32000-33000
33000-34000
34000-35000
35000-36000
36000-37000
37000-38000
38000-39000
39000-40000

Frequency
2
1
2
4
6
9
4
4
11
6
8
7
7
3
4
31
132
1
0
2
2
0
3
1
0
2
0
0
0
1
1
0
001
01

103

Relative frequency,
%
1.9
1.0
1.9
3.9
5.8
8.7
3.9
3.9

10.7
5.8
7.8
6.8
6.8
2.9
3.9
2.9
1.0
1.0
2.9
1.9
1.0
0.0
1.9
1.90.0
2.9

"1.0
0.0
1.9
0.0
0.0
0.0
1.0
1.0
0.0
0.0
0.0
1.0
0.0
1.0

Cumulative frequency,
%
1.9
2.9
4.8
8.7

14.5
23.227.1 :
31.0
41.7 :
47.5
55.3
62.1
68.9
71.8
75.7
78.6
79.6
80.6
83.5
85.4
86.4
86.4
88.3
90.2
90.2
93.1
94.1
94.1
96.0
96.0
96.0
96.0
97.0
98.0
98.0
98.0
98.0
99.0
99.0

100.0

density was performed with a natural logarithm
transformation of the cancer standard incidence
ratios. To avoid taking the natural logarithm of
zero, which would result from super tracts with
zero observed cancer cases of a particular site, a
small constant (0.01) was added to the numera-
tors and denominators of the standard incidence
ratios.

Table 12 shows the cancer sites with significant
(p< 0.05) positive asbestos regression coefficients.
Also presented are the p values for these coeffi-

cients and the p values for population density
coefficients associated with these equations. Thep
values are based on the t-test for the hypothesis
that the population regression coefficients are
zero.

For males, the significant cancer sites included
Site No. 1 (all sites), most of the digestive and
digestive-related cancers, prostate and lung small
cell carcinoma. None of the population density
coefficients for these equations was significant.
For females, the significant cancer sites included
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Table 7. Frequency distribution of population density for 72 super tracts of San Mateo County, 1972.

Population/km*
0-1000

1000-2000
2000-3000
3000-4000
4000-5000
5000-6000
6000-7000
7000-8000

Frequency
16
9

17
20

7
1
1
1

72

Relative frequency,

22.2
12.5
23.6
27.8

9.7
1.4
1.4
1.4

Cumulative frequency,

22.2
34.7
58.3
86.1
95.8
97.2
98.6

100.0

Table 8. Frequency distribution of population density for 24 super tracts of Maria County, 1972.

Population/km^ Frequency
Relative frequency, Cumulative frequency,

0-1000
1000-2000
2000-3000
3000-4000

17
4
2
1

70.8
16.7
8.3
4.2

70.8
87.5
95.8

100.0
24

Table 9. Frequency distribution of population density for 166 super tracts of Alameda County, 1972.

Population/km?
0- 1000

1000- 2000
2000- 3000
3000- 4000
4000- 5000
5000- 6000
6000- 7000
7000- 8000
8000- 9000
9000-10000

10000-11000
11000-12000
12000-13000
13000-14000
14000-15000

Frequency
22
14
27
26
28
21
15
4
3
3
0
1
1
0
1

166

Relative frequency,
%

13.3
8.4

16.3
15.7
16.9
12.7
9.0
2.4
1.8
1.8
0.0
0.6
0.6
0.0
0.6

Cumulative frequency,
%
13.3
21.7
38.0
53.7
70.6
83.3
92.3
94.7
96.5
98.3
98.3
98.9
99.5
99.5

100.0

Site No. 1 (all sites) most of the digestive and
digestive-related cancers, respiratory and breast
cancers. Site Nos. 1, 2, and 3 showed significant
negative population density regression coeffi-
cients. This corresponds to the highly significant
negative correlation coefficients for these sites.
Finally, Table 13 presents a comparison be-

tween the regression results of the original study
and the reanalysis. The table shows cancer sites
with significant (p < 0.05) positive asbestos re-
gression coefficients in either study. The cancer
sites that were found to have significant positive

regression coefficients in the original study were
essentially the same ones found to be significant
in the reanalysis. For males, the significant sites
were the same in both analyses. For females, two
extra sites were found in the reanalysis that were
not significant in the original study. These were
Site Nos. 3 (digestive tract) and 8 (rectum). For
males, the levels of significance were almost iden-
tical between analyses. The presence of popula-
tion density in the reanalysis appeared to slightly
decrease the levels of significance of the asbestos
coefficients in the equations for these sites. For
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Table 10. Frequency distribution of population density for 62 super tracts of Contra Costa County, 1972.

Population/km^ Frequency
Relative frequency, Cumulative frequency,

0-1000
1000-2000
2000-3000
3000-4000
4000-5000

25
9
8

13
7

62

40.3
14.5
12.9
20.9
11.4

40.3
54.8
67.7
88.6

100.0

Table 11. Correlation coefficients of cancer by population density by site, sex for white population, San
Francisco-Oakland SMSA, 1969-1974.

White male
Site
no.
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35

Name
All sites
All digestiveDigestive tractEsophagus
Stomach
Small intestine
ColonRectumDigestive-related organsLiver
Gallbladder
PancreasRetroperitoneumDigestive organ NOSb

All respiratory
Larynx
Trachea, bronchus, lung
Pleura
Mediastinum
Breast
Female reproductive
Cervix uteri
Corpus uteri
OvaryProstate
Urinary
Kidney
Bladder
Brain
Thyroid
Hodgkin's disease
Leukemia
Lung small cell carcinoma
Lung squamousLung adenocarcinoma NOSb

Correlation
coefficient

0.104
0.051
0.070
0.038
0.113

-0.033
0.073
0.032
0.052
0.018

-0.039
-0.073
-0.085
-0.025

0.095
0.031
0.079

-0.048
0.063

-0.052
—
—
—
—

0.001
-0.113
-0.119
-0.149
-0.142
-0.094
-0.103
-0.107
-0.099

0.072
-0.132

p value*
<0.025

<0.025

<0.05
<0.05

<0.025
<0.025
<0.005
<0.005
<0.05
<0.025
<0.025
<0.025
<0.005

White female
Correlation
coefficient

-0.192
-0.164
-0.216

0.056
-0.043
-0.114
-0.175
-0.099
-0.019
-0.106
-0.004
0.031

-0.035
-0.063
-0.087
-O.078
-0.080

0.044
-0.079
-0.180
-0.172
-0.035
-0.249
-0.064—
-0.137
-0.077
-0.122
-0.137
-0.038
-0.112
-0.033
-0.113
-0.008
-0.118

p value*
<0.0001
<0.001
<0.00001

<0.025
<0.001
<0.025
<0.025

<0.05

<0.001
<0.001
<0.00001

<0.005
<0.025
<0.005
<0.025
<0.025
<0.01

*p-value baaed on t-test for H: r ••
'TJot otherwise specified.

0, n = 410.

females, the coefficients were generally more sig-
nificant with population density included in the
analysis. In particular, Site Nos. 1 and 2 were
much more significant in the reanalysis than in
the original analysis.

Conclusions
The inclusion of population density in the anal-

ysis of ingested asbestos and cancer had little
effect on the results. Therefore, the conclusion is
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Table 12. Cancer sites with significant (p <0.05), positive asbestos regression coefficients, associated populationdensity significance, by sex, San Francisco-Oakland SMSA, 1960-1974.

Population
Site Race and Asbestos density
no.__________8ez_________Name____________ p value p value

1
2
3
4
5
7
9

12
25
33

White
male

All sites
All digestive
Digestive tract
Esophagus
Stomach
Colon
Digestive-related organs
Pancreas
Prostate
Lung small cell carcinoma

0.046
0.001
0.007
0.003
0.008
0.021
0.001
0.001
0.039
0.015

0.702*
0.764
0.234
0.753*
0.151
0.632
0.120*
0.125*
0.686
0.067*

White
female1

2
3
4
4
8
9

12
13
15
17
18

All sites
All digestive
Digestive tract
EsophagusStomach
Rectum
Digestive-related organs
Pancreas
RetroperiUmeum
All respiratory
Trachea, bronchus, lungPleura

20 Breast

0.002
0.001
0.002
0.004
0.001
0.044
0.004
0.002
0.014
0.001
0.001
0.035
0.002

0.001*
0.001*
0.001*
0.306*
0.178*
0.443*
0.648*
0.463
0.093*
0.552
0.384
0.919
0.117*

'Indicates negative regression coefficient.

that a positive association between ingested as-
bestos and cancer existed in the San Francisco-
Oakland SMSA for 1969-1974 for certain cancer
sites. In spite of the persistent relationships
across analyses, there are a number of warnings
concerning the results and conclusions. The first
is that the associations observed in these analyses
are indirect, i.e., the units of observation were
census tract groupings (super tracts), which
means that groups of individuals were aggre-
gated geographically and analyzed as groups.
Therefore, the variables measured are applied to
the groups. Individual measurements are not
made, and the group measurements are assumed
to apply to all members of an observational unit.
Although the indirect method of analysis is an
inexpensive design for a first look at an epidemio-
logic hypothesis, the underlying assumptions of
the method make definitive conclusions unten-
able. In the asbestos-cancer analyses, the results
indicate a possible direction for further research
using other, direct method, designs. For instance,
digestive cancers in both males and females were
highly, significantly, positively associated with
ingested asbestos. A case-control study or follow-

up study might investigate this particular associ-ation.
The second caution is that the number of can-

cers is small for a number of the body sites stud-
ied. For Site No. 1 (all sites), there were approxi-
mately 56,000 incidence cases for all ages and
both sexes yielding about 130 cases per super
tract. For site No. 6 (small intestine), there were
fewer than 200 cases for both sexes. Therefore,
there were fewer than 0.5 cases per super tract. In
other words, there were a large number of super
tracts with no cases of cancer of the small intes-
tine. This makes any form of analysis much less
powerful in terms of detecting an association.

Another warning about these results is that the
35 body sites analyzed were not independent.
Some of the sites were individual body sites for
cancer such as Site Nos. 4 (esophagus), 5 (stom-
ach) and 6 (small intestine). Others were body
site groupings such as Site Nos. 1 (all sites), 2 (all
digestive) and 15 (all respiratory). The most
meaningful results are found for the grouped
body sites, since they include large numbers of
cases and therefore avoid the aforementioned
problem of too few cases per super tract. Unfortu-
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Table 13. Comparison of significance (p < 0.05) for asbestos regression coefficients in 1969-1974 incidence study andreanalysis including population density, San Francisco-Oakland SMSA, 1969-1974.

Site
no.

Race andSex Name
Original
asbestos
p value

Reanalysis
asbestos
p value

1
2
3
4
5
7
9

12
25
33

White
male All sites

All digestive
Digestive tract
Esophagus
Stomach
Colon
Digestive-related organsPancreasProstate
Lung small cell carcinoma

0.05
0.001
0.002
0.003
0.002
0.011
0.001
0.001
0.025
0.043

0.046
0.001
0.007
0.003
0.008
0.021
0.001
0.001
0.039
0.015

Whitefemale
1
2
3
4
5
8
9

12
13
15
17
18

All sites
All digestive
Digestive tract
EsophagusStomach
Rectum
Digestive-related organs
PancreasRetro peritoneum
All respiratory
Trachea, bronchus, lung
Pleura

20 Breast

0.048
0.038—
0.007
0.001—
0.004
0.001
0.036
0.001
0.001
0.027
0.005

0.002
0.001
0.002
0.004
0.001
0.044
0.004
0.002
0.014
0.001
0.001
0.035
0.002

nately, this does not allow identifying the exact
location of the association of ingested asbestos
and cancer in the body.
These findings in no way lend themselves to the

interpretation regarding the possible regulation
of asbestos in drinking water. Only research of
the direct method design would allow for such
conclusions. The recommendations from this re-
search is that more investigation of a direct na-
ture be done regarding digestive cancers and in-
gested asbestos. The scientific community will
then be better equipped to answer questions
about the possible regulation of asbestos in drink-
ing water.
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A Graphical Analysis of the Interrelationshipsamong Waterborne Asbestos, DigestiveSystem Cancer and Population Density
by Michael E. Tarter,* Robert C. Cooper,** and William R.
Freeman*

Five statistical procedures were used to partial the correlation between waterborne
asbestos and digestive site cancer for the putative effects of population density. These
include: analysis based on a data subset with roughly homogeneous population density;
standard residual analysis (partial correlation); conditional probability integral transfer-
mation; analysis based upon ranked data, and use of logarithmic transformation.
Nonparametric regression graphical techniques are applied to examine the nature or

shape of the asbestos-cancer dose-response curve. Evidence is presented that suggests
that there is considerable difference between analyses involving nonhigh-density tracts
and non-San Francisco tracts. Evidence is also presented that the modal-type nonpara-
metric regression curve forks or bifurcates when adjustment is made for population
density.

Introduction
In 1979, a study was completed by Cooper et al.

(1), which dealt with certain health effects of
asbestos in the domestic water supplies of five
California counties. Several publications (2,3)
and even a lawsuit involving the State of Con-
necticut and asbestos pipe producers have re-
sulted in part from the tentative findings of the
Cooper study that "a statistical association be-
tween asbestos fiber content in drinking water
and the incidence of certain cancers in the San
Francisco Bay Area has been shown."
In testimony presented during the Connecticut

hearings, one witness suggested that the results
of the Cooper-Kanarek et al. study were suspect
due to lack of adjustment for, or partialling of, the

•Department of Biomedical and Environmental Health Sci-
ences, University of California at Berkeley, Berkeley, CA
94720
Sanitary Engineering and Environmental Health Re-

search Laboratory, University of California at Berkeley,
Berkeley, CA 94720.

'Graphical Biometry Laboratory, University of California
at Berkeley, Berkeley, CA 94720.

population density variate. This paper describes a
follow-up investigation that was undertaken to
deal with the questions involving the population
density putative intervening variate.
The material presented here is not reported

upon in order of scientific significance, but in-
stead the simplest methodological approach is
described first and subsequent results are orga-
nized in terms of the complexity of the statistical
methodology used. For example, an investigation
in which the original Cooper et al. (1) study is
repeated on a subset of low and moderately popu-
lated census tracts is described. By far the most
interesting and dramatic reported here it is that
presented at the end of this paper, which relies on
a complex type of nonparametric regression (one
based on a locus of conditional density modes). It
demonstrates that the morbidity density may be
bimodal for high asbestos exposure and unimodal
for low asbestos exposure census tracts.
Exclusion of the Highly Dense
Tracts

The estimated distribution of census tract sub-
grouping population density variate Y is highly
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FIGURE 2. Low to moderate density scatter diagram.

skewed. Figure 1 displays the frequency distribu-
tion of y and the independent variate tract num-
ber code X. To avoid confusion (e.g., between 11
coincident points and 2 nearby single points, each
represented by the symbol'!'), a frequency of 10 is
represented by the character A, 11 by B, 12 by C,
and so on up to 35 (Z) and more (*). As an
indication of skewnesa, note that while most cen-
sus tracts contain less than the mean £ (Y) ̂
5270 individuals per square mile, several census

tracts are at least six times more densely popu-
lated than the mean. Relative to tracts where Y
takes on a value > 5270, tracts with Y < 5270
form an almost homogeneous subgrouping.
Furthermore, tract number (the X variate of Fig.
1) is a rough measure of geographic location.
Hence, the Bay Area population seems to consist
of the following three components: (Da highly
dense component lying slightly to the right of the
mean tract number X = E(X) = 216 line; (2) a
moderately dense component below component 1
but above the Y = E(Y) » 5270 line; and finally
(3) a large group of tracts with moderate to low
densities, shown in Figure 1 enclosed by an edit-
ing rectangle.

When the region enclosed by the editing rectan-
gle is enlarged and a scatter diagram of the re-
gion is displayed as in Figure 2, there appears to
be a moderately homogeneous spread of Tract
POP DENSITY points in most portions of the
display not immediately to the right of the X =
216 line.
Studies of the variate log population density(described below) suggest that there may be two

distinct classifications within what appears by
eye to be one homogeneous grouping of low to
moderate density census tracts. Nevertheless, as
a preliminary analysis, it seems reasonable to
repeat the basic Cooper et al. (1) study with the
use of the low to moderate population density
tracts.

There were 288 tracts with low to moderate
population density. Figure 3 is a frequency di
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gram obtained by plotting the variate asbestos
exposure in fibers/liter (indicated as "gross mean"
in the figure) on the x-axis and the variate ob-
served minus expected (i.e., excess) white male all
digestive site per tract cancer on the y-axis (1).
One census tract whose coordinates are shown
enclosed in an editing rectangle appears to have
either an extremely low observed cancer morbid-
ity or an extremely high expected cancer morbid-
ity. The position of the point that represents this
tract implies that, were this tract to be removed,
the Pearsonian correlation between the X and Y
variates would be reduced. Nevertheless, despite
the removal of this point, and much more impor-
tantly the removal of all high-density tracts from
consideration, the correlation between asbestos
exposure and excess cancer morbidity variates is
0.194. Even for a one-sided test, the a level for the
null hypothesis of no association would have to be
smaller than 0.005 for one to accept the null
hypothesis in this case. Thus one can be reasona-
bly sure that the exclusion of highly populated
tracts from the original study of Cooper et al. (1)
would not change the study's principal finding of
a significant relationship between waterborne as-
bestos exposure and digestive tract cancer. It
might be noted that the correlation between as-
bestos exposure and excess morbidity for the en-
tire data set of low, medium, and high-density
tracts is 0.241.

Regression Studies
In a previous study (3), nonparametric regres-

sion procedures were applied in order to study the

shape of the dose-response curve associated with
the asbestos exposure-cancer excess morbidity re-
lationship. In this section it will be demonstrated
that the previously observed linearity of the dose-
response curve seems to persist for low to moder-
ate exposure levels and low to moderately popu-
lated tracts.
Following the approach used in Tarter (3) as a

preliminary to the analysis of the 287 low to
moderate density census tracts described by Fig-
ure 4, the margins between the leftmost and
rightmost data points and the endpoints of the
interval of estimation were reduced. This opera-
tion was performed for the purpose of taking
advantage of the periodic nature of Fourier series
nonparametric representation. The effects of this
margin reduction are shown in Figure 5, which
can be thought of as an enlargement of Figure 4.

The conventional least-squares fitted regres-
sion line obtained from the 287 low to moderate
density points is shown in Figure 6, as are the
95% confidence bands associated with this line.
These bands enclose a region within which, pro-
vided certain basic assumptions are satisfied (4),
one is 95% sure that the true dose-response curve
is contained. The fact that no horizontal, i.e., null
relationship, line is contained within the confi-
dence bands is the graphical equivalent of the
dose-response significant relationship described
in the previous section.
Unlike the parametric regression line shown in

Figure 6, nonparametric regression procedures do
not rely on the initial assumption that the dose-
response curve conforms to any particular func-
tional relationship e.g., line. However, the flexi-
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FIGURE 7. Contour diagram showing sparse-rich data distri-bution.

bility inherent in nonparametric methodology
makes it extremely difficult to obtain useful esti-
mates within subregions where data points are
sparsely distributed. Approaches that can be used
to augment conventional procedures and effec-
tively deal with sparse-rich data mixtures are
described by Breiman et al. (5), Tarter (£), and
Bean and Tsokos (7).
Figure 7 is a contour diagram that illustrates

the uneven distribution of asbestos exposure-ex-
cess cancer morbidity data. To obtain Figure 7 a
generalized three-dimensional histogram was
constructed above the gross mean asbestos expo-
sure and excess digestive cancer sample space.
This estimated frequency surface was then sec-
tioned parallel to the sample space to produce the
contours, i.e., terraces, isopleths, shown in Figure
7. The three outermost contours correspond to loci
of points whose estimated relative frequency is
exactly 30% of the modal frequency, i.e., the most
common single combination of exposure and ex-
cess morbidity.
Naturally, the nonparametric regression curve

shown in Figure 8, which was obtained from the
same estimated bivariate frequency used to ob-
tain Figure 7, exhibits a highly irregular pattern.
The procedure used to obtain this curve has been
described in Tarter (8).

To increase the resolving power of the nonpara-
metric estimation procedure, a technique was em-
ployed that increases the second moment of all
density components in the ̂ -direction but that
leaves all other distributional characteristics un-
changed. This procedure is a variant of a spectral
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FIGURE 8. Nonparametric regression before smoothing.

analysis technique described by Medgyesay (d)
and generalized to two dimensions by Stanat (10)
and Tarter and Silvers (11). Figure 9 is the analog
of Figure 7 produced by smoothing in the i-direc-
tion, while Figure 10 is the analog to Figure 8.

As depicted by the indicator or pointer line, the
nonparametric regression curve seems to reach a
plateau or horizontal component at coordinates X
= 27,500,000 fibers/L and Y = 0.51 excess cases
over a 6-yr period per census tract. In other
words, when only the low to medium density
tracts are considered, there is no statistical evi-
dence that a change of exposures to any value in
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FIGURE 9. Equiprobability contours after smoothing.
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FIGURE 10. Nonparametric regression after smoothing.

excess of 27,500,000 fibers/L will increase the
estimated dose-response curve to more than 0.51
excess cases. This finding is of course far from
surprising, since there are so few high-exposure
tracts among the 287 tracts with low to medium
population density.

By using procedures described by Tarter (3),
benchmark data confirmation procedures were
applied to check whether the statistical methods
used to obtain Figure 8 could have influenced the
ramp as opposed to step i.e, diagonal as opposed to
horizontal shape of the nonparametric regression
curve. These procedures tend to confirm that not
only is the relationship between waterborne as-
bestos level and excess cancer statistically signifi-

cant for the low to moderate population density
subsample, but there exists concomitant varia-
tion (12) between these two variates up to the
point X = 27,500,000, Y = 0.51. When nonpara-
metric regression procedures other than that used
to obtain Figure 8 were applied to these data (13),
the same slight but discernible concomitant in-
crease in Y with an increase in X less than
27,500,000 fibers/L was observed.

Residual and Partialling Studies
The most straightforward and elementary pro-

cedure usually used to remove the effects of a
single underlying or nuisance variable is of
course residual linear regression or its near
equivalent, partial linear correlation. One can
view this procedure in terms of a process that
involves the following two basic steps. (1) One or
both variables to be partialled are used as re-
sponse or dependent Y variates, and the variate Z
whose effect is to be removed is fitted (usually by
least-squares methods) to Y. Most commonly_ a
regression slope fj is obtained such that Y and (3Z
have maximum correlation. Up to a constant,
usually denoted by a, J3Z "explains" as much of
the variation of Y as is possible by any linear
combination a + J3Z. (2) The residual Y - pZ is
used to replace the response variate Y, and in
some instances the same procedure involving a
second value of p is used to find the residual of
principal independent variable X and nuisance
independent variable Z. For the problem at hand,
Y represents excess cancer morbidity, X asbestos
exposure level, and Z population density. The
variate Y — $Z is sometimes interpreted as that
part of Y that has not been "explained" by the
variate Z (14).

For the 426 original census tracts of Cooper et
al. (1), Figure 11 shows the result of applying the
above residual regression technique. To better
interpret this figure, a code has been used in our
GRAFSTAT program (15-18), which on the right-
hand vertical column specifies B*Z2 A*Z1 ALL
DIGESTIVE WMO. To interpret this graph leg-
end, note that the basic Y variate was the ALL
DIGESTIVE site white male observed (hence
WMO) per census tract number of cases per 6-yr
period. The prefix A*Z1 designates that the A
(linear or additive) transformation has been ap-
plied to the Zl variate ALL DIGESTIVE WME,
where the last "E" designates that it was the
expected number of cancer cases that was substi-
tuted for the observed cases to form, after sub-
traction from its WMO counterpart, the basic Y
variate, excess morbidity.
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The outer prefix B*Z2 designates that after the
variate excess morbidity had been formed the
least-squares residual (transformation B) wasused to obtain that part of the A*Z1 ALL DIGES-
TIVE variate that was not linearly explained bythe Z2 variate, population density.

A comparison of Figures 11 and 3 shows a veryclose correspondence between the B transformedcomplete data set and the untransformed low to
medium density data subset at all but the right-
most column of data points. The same lower left-
hand corner putative outlier is present in these
two figures, and the correlation between the two
variates is r = 0.171, which for a sample of size n= 426 is significant at the a = 0.01 level.
It should be mentioned that we have repeated

all the experiments described in this paper withthe X variate gross mean asbestos exposure ad-
justed for population density by the same tech-
nique used to adjust the Y variate, morbidity. For
ease of interpretation, experiments involving a
partialled or residual Y variate and an unpar-
tialled (origial) X variate will be presented here.

Data with the single lower leftmost putative
outlier removed from the file were used to obtain
Figure 12 and an associated correlation of r =
0.171.

Conditional Probability IntegralPartialling
The partialling or residual approach described

in the preceding section has the advantages of
being well studied and easily interpreted pro-
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FIGURE 12. Partialled frequency diagram after removal of
outliers.

vided certain initial specifications or assumptions
are satisfied. The so-called "problem of specifica-
tion" (19) underlies a considerable literature usu-
ally denoted by the terms nonparametric, model-
free, or curve estimation. Hence, it seems very
reasonable to consider nonparametric alterna-
tives to simple linear-residual analysis.

As will be described later in detail, the variate
population density has a highly nonnormal and
skewed distribution. Hence, the first of the wide
variety of model-free approaches applied involved
a technique known as a conditional probabil?
integral transformation (20, 21) whose effective1^
ness is minimally affected by distributional speci-fication.
Unfortunately the price paid for generality is a

certain difficulty in interpretation. The variateI*Z2 A*Z1 ALL DIGESTIVE WMO, where the
letter I designates that the conditional probabil-
ity integral information (CPIT), has been applied
to remove the effect of population density, has a
correlation of r = 0.133 with the asbestos expo-
sure variate, as shown in Figure 13. It is interest-
ing that the positive correlation persists despite
the drastic nature of the CPIT transform. How-
ever, it is too early in the study of the CPIT
method to accurately assess the statistical signifi-
cance of the correlation in this case.

Parametric-Nonparametric
Hybrids

Two approaches were used to take into account
the skewed nature of the density variate and yet
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obtain a result more easily interpreted in terms of
statistical significance than the result described
in the previous section. The first involved a com-
monly used nonparametric approach based on the
rank transformation (22), and the second the lo-
garithmic transformation (3).

The number 7 shown in the Y axis label of
Figure 14 designates the seventh GRAFSTAT
data transformation option, normalized rank or
score (4). For a fixed value of nuisance variable Z,
e.g., population density, this option assures that
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FIGURE 15. Partialled and log transformed data.

the order between any two transformed values
matches that of any two untransformed values,
and that the distribution of the transformed score
is approximately standard Gaussian which,
among other things, guarantees that the variate's
distribution is no longer skewed. The correlation
in this case is r = 0.143.
It should be pointed out that although the dis-

tribution of both the 7*A*Z1 ALL DIGESTIVE
WMO variate and the 7*POP DENSITY variate
can now be treated as if they were Gaussian, the
joint distribution of Y and X need not be bivariate
normal. Nevertheless, as described by Tarter and
Kowalski (21), the use of the normalized score
transform does seem to be useful in a wide variety
of contexts with the proviso, as suggested by the
Figure 14 Y variate prefix B*Z1, that the simple
least-squares difference between the normalized
variates is sufficient to remove all density effect.

To obtain Figure 15, the variate log POP DEN-
SITY was used in place of the ranked variate
7*POP DENSITY. The similarity between Figure
11 and Figure 10 and that between the corre-
sponding correlations of r = 0.157 and r = 0.143
suggests that in this case the correlation is highly
robust with respect to changes in the X and Y
variate individually. The difference between the
above correlation and the correlation associated
with the CPIT I transformation suggests that the
relationship between the X and y variates may
be highly complex. One possible cause of this
complexity could be the existence of disjoint dis-
tributional subcomponents for either the morbid-
ity or population density variate.
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Univariate Investigation of thePopulation Density Variate
Figure 16 is a histogram constructed from the

426 census tracts. The variate whose density is
estimated by this histogram is the logarithm of
the per-tract population density. Figure 17 is a
nonparametric kernel-Fourier series estimator
(23), which suggests that the gap between theleftmost and second-leftmost mode of the histo-
gram in Figure 16 is not an artifact traceable to
sampling variation. This brings into question the

20 -

10 -

3.5 9.1*
LOG POPUIATIOH DEHSITT

9.9« 10.65

FIGURE 16. Log population density histogram.

low to moderate population density homogeneity
that underlies the analysis.
Study of Non-San Francisco
Tracts
Because of the complexity of the population

density variate, it was decided to repeat the in-
vestigation described above after excluding tracts
within the city limits of San Francisco. The rela-
tionship between the basic asbestos exposure X
variate and the observed per (non-San Francisco)tract white male all digestive organ morbidity is
described by Figure 18. The correlation between
these two variates is r - 0.136. (Here sample si
n = 323, i.e., there were 323 non-San Francisco"^tracts.)

Once the Zl variate, expected morbidity, was
subtracted from the observed morbidity, Figure
19 was obtained. Now, however, the correlation
between X and Y has dropped to the nonstatisti-
cally significant value of r = 0.05. Thus, one can
be reasonably sure that the significant relation-
ship between asbestos and cancer is largely at-
tributable to those low to moderately populated
tracts located in San Francisco. Tentative find-
ings have already been published involving sev-
eral San Francisco tracts (24) which suggests that
there may be data collection or spurious correla-
tion artifacts associated with a particular San
Francisco subregion.

To carefully study the non-San Francisco tracts,
the lower left outlier was again removed as show
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FIGURE 17. Nonparametncally estimated log population fre-
quency curve.
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cated in San Francisco, it seems that the relation-
ship between waterborne asbestos exposure and
excess digestive cancer morbidity may be trace-
able to a greater proportion of tracts associated
with code 1 as shown in Figure 25 than tracts
associated with code 2, i.e., the bimodal density of
morbidity has a higher mode associated with high
than with low morbidity as shown in Figure 25,
where the number 1 is used to represent the
higher and number 2 the lower mode. Hypotheti-
cally, suppose that there exist two types of census
tracts, type 1 (higher mode) and type 2 (lower
mode), the former with a greater and the latter
with a lesser probability of an individual con-
tracting digestive cancer. It appears from Figure
25 that the high asbestos exposure subgroup
seems to have a greater preponderance of type 1
individuals than does the low to moderate expo-
sure subpopulation. Of course, as suggested in the
previous two sections, this finding may not have
anything to do with a causal connection between
asbestos and cancer. It may simply be a coinci-
dence that type 1 tracts tend to be clustered in
that part of the Bay Area that happens to have
high exposure levels.

Despite the above caution, it should be pointed
out that the rather striking nature of Figure 25
was only uncovered after a partialling technique
was applied to remove the effect of population
density. Thus, rather than being an artifact trace-
able to the underlying effects of population den-
sity, the relationship between asbestos levels and
excess cancer morbidity was brought more clearly
into focus once population density was taken into
account.
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Epidemiology Study of the Use ofAsbestos-Cement Pipe for the Distribution ofDrinking Water in Escambia County, Florida
by James R. Millette,* Gunther F. Craun,* Judy A. Stober,*Dale F. Kraemer,̂  H. G. Tousignant,*** Ellen Hildago,* Robert
L Duboise* and Jeffrey Benedict*

Cancer mortality for the population census tracts of Escambia County, FL, which useasbestos-cement (AC) pipe for public potable water distribution, was compared with
cancer mortality data collected from census tracts in the same county where other typesof piping materials are used. An analysis of covariance was run to test for differences in
standard mortality ratios for seven cancer sites among three potential asbestos exposuregroups based on AC pipe usage. Twelve variables representing nonexposure-related
influences on disease rates were combined in four independent factors and used as
covariates in these analyses. No evidence for an association between the use of AC pipe
for carrying drinking water and deaths due to gastrointestinal and related cancers was
found. The limitations on the sensitivity of the analysis are discussed.

Introduction
Concern over the presence of asbestos fibers in

drinking water supplies began in 1973 after mil-
lions of mineral fibers per liter were reported in
the drinking water in Duluth, MN (I, 2). The
question of possible increased risk of disease re-
sulting from long-term ingestion of asbestos fi-
bers in drinking waters is important because the
association between some occupationally exposed
asbestos workers and increased risk of respira-
tory and digestive disease has been documented
(3,4).
In June 1974, electron microscopy confirmed

that fibrous material recovered from a kitchen
faucet strainer in Pensacola, FL, was asbestos.
While the source of mineral fibers in the Duluth
water supply was related to industrial discharge
of mining wastes, the fibers in the Pensacola

"Ibxicoiogy and Microbiology Division. USEPA, 26 West St.
Clair Street, Cincinnati, OH 45268.

tPresent address: University of Iowa, Iowa City, LA 52242.
tEscambia County Health Department, 2251 North Palafox

Street, Pensacola, FL 32574.
"Retired.

water appeared to be connected with the deterio-
ration of asbestos-cement (AC) distribution
mains. Because AC pipe is used to carry drinking
water throughout the United States, it was de-
cided that a study of people should be conducted,
by census tracts, in an area where there was
evidence officers coming from the pipe.

Study Area
Escambia County is located on the Gulf Coast

in the upper panhandle of Florida. A little over
200,000 people live in the county, which is divided
demographically into 40 census tracts. Some of
the tracts have been receiving water through AC
pipe for 30-40 yr, other tracts have been serviced
by nothing but cast iron pipe, and still others
receive water primarily from private wells with
no AC pipe. Data on water quality from 25 wells
showed unfinished waters in the county to be very
similar, all with the chemical characteristics that
make water corrosive to most types of common
plumbing materials as well as to unprotected
water mains. Comparison of water quality data
from 1951 and 1957 and 1975 data showed that
the well source waters had changed little in their
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chemical characteristics over the years. With the
assistance of Escambia County Health Depart-
ment personnel, an exposure assessment and a
compilation of cancer mortality data were con-
ducted in simultaneous but separate projects to
determine whether or not the people in the
county using AC pipes showed a greater risk of
disease.
Exposure Evaluation
Seven water samples were taken over the pe-

riod of a year from the Montclair water distribu-
tion system, • where the asbestos material had
been found in a kitchen faucet strainer. The
drinking water was analyzed by newly developed
electron microscopic techniques (5). As seen in
Table 1, varying amounts of asbestos fibers were
found in the consumers' drinking water. The ab-
sence of fibers in the well samples indicated that
the asbestos fibers found in the distribution sys-
tem probably originated in the AC pipe. The first
sampling point, Residence 1, was in a house on
the older part of the water system, and Residence
2, in a house on the newest part. During the
sampling period, fiber concentrations in the water
may have been influenced by changing treatment
practices at the well source; utility personnel
monitored the system more closely and increased
the dosage of lime in an attempt to make the
water less corrosive to AC pipe. Later inspections
of excavated sections of pipe confirmed that the
pipe was releasing fibers, as it showed rather
severe deterioration of the interior pipe surface.
Some of the chemical qualities of the water that
caused it to be so aggressive were low pH (5.2),
low calcium hardness (1.4 mg/L as CaCO3), andlow alkalinity (1 mg/L as CaCOj). According to
current American Water Works Association stan-

dards, these qualities indicate water that, if left
untreated, would be highly corrosive and might
eventually destroy the structural integrity of AC
pipe. In earlier days, however. AC pipe was se-
lected because it was thought to be free from the
corrosion problems that were expt-ienced with
metal pipe, and its use in corrosive w«.fer situa-
tions had eliminated red water (iron coi.-osion)
complaints.
Discussions with local utility personnel inol

cated that the pipe deterioration of the Montclair
system was not truly representative of all the AC
pipe in Escambia County. The Montclair system,
established in 1957 and expanded through 196P
was privately owned originally and apparently i
water was not treated consistently. There were
numerous consumer complaints about water-
borne fibers, clogged customer meters, and prob-
lems at a coin-operated laundry, all of which were
attributed to fiber release from the AC pipe. An
inspection of the Montclair treatment facilities on
June 4, 1964, by the county health department
disclosed no stabilization treatment equipment in
operation and a "heavy solid load in the water in
the form of asbestos fibers." When the system was
acquired by the municipality in 1968, lime treat-
ment to reduce corrosiveness was started on a
continuous basis, and the system was flushed and
interconnected with the overall city system. Most
customer complaints subsided after the municipal
acquisition but, occasionally, visible clumps of
fibers were recovered, as in the June 1974 case.
Utility records for the greater part of Escambi

County did not show AC pipe unearthed frorif1
areas other than the Montclair system to be as
severely deteriorated as the pipe in that system.
The average raw water quality in 1976 for the 25
wells in the Pensacola City system showed a pH

Table 1. Asbestos fiber counts for the Montclair System sample points.
Fiber counts, 108 flbera/L*̂

Date of
sample

01/17/75
02/21/75
03/26/7505/09/75
07/07/75
09/05/75
12/04/75
12/08/77
01̂ 9/79

Well
Amphibole
BDL (0.01)
BDL (0.01)
BDL (0.01)
BDL (0.01)
BDL (0.01)
BDL (0.01)
BDL (0.01)
BDL (0.05)
e

Chryaotile
0.02NSS (0.06)
NSS (0.01)
NSS (0.01)
NSS (0.06)
NSS (0.01)
BDL (0.01)
NSS (0.05)
e

Residence 1
Amphibole
0.01
NSS (0.03)
NSS (0.1)
BDL (0.01)
NSS (0.06)
NSS (0.06)
BDL (0.01)
BDL (0.05)
01

Chrysotile
1.7

32.7
1.7
1.2
0.7
0.2
0.4

NSS (0.01)
0.7

Residence 2
Amphibole
0.2
BDL (0.02)
BDL (0.02)
BDL (0.02)BDL (0.01)BDL (0.01)
BDL (0.01)NSS (0.1)
e

Chrysotile
1.2
0.4
0.3
0.7
0.1
BDL (0.01)
BDL (0.01)
NSS (0.2)
C

•BDL = Below detectable limit (shown in parentheses).
''NSS = Not statistically significant. Value shown in parentheses is based on too few fibers found in analysis to be considered

accurate.
'Not sampled.
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of 5.2, a calcium hardness of 18 mg/L as CaC03,and an alkalinity of 2.5 mg/L as CaCO3. While
this suggests a highly corrosive water, each well
was equipped with a lime treatment system de-
signed, not necessarily to stabilize the water, but
to make the distributed water less corrosive.
Monitoring the multitude of mechanical feeders
was not, however, an easy task, and the corrosive-
ness of the water varied over the years. A sample
taken from the distribution system of Pensacola
in 1951 for the Florida State Board of Health
showed that the treated water had a tendency to
be corrosive, with a pH of 7.3, a calcium hardness
of 25 mg/L as CaCO3 and an alkalinity of 30 mg/L
as CaC03. The Langlier index of this sample was
determined to be -1.6. The water itself was clear
with no sediment. Prior to 1977, the occurrence of
corrosive water was also evidenced by red water
complaints from areas that used cast iron pipe. In
1977, pH recorders with hi-lo alarms were in-
stalled at the well plants and were connected to a
central control room. Red water complaints de-
creased drastically after this careful monitoring
began.

The Escambia County Health Department was
asked to collect water samples from residences
that they felt to be representative of the water
systems in the county. The analysis results of all

the samples collected are shown in Table 2. Some
water samples taken from census tracts using AC
pipe showed measurable asbestos concentrations,
while others did not. The increase in the lime
dosages in many of the individual well plants
after 1975 may have had an influence on fiber
counts. The changing water flow patterns
throughout the connected systems may also have
caused waters from a system with one type of pipe
to flow into another. Care was taken to sample
only from consumers' homes rather than from fire
hydrants, and samples were not taken when work
on the pipe was underway near the sampling site.
Chemical analyses of water samples collected in
December 1977 (Table 3) showed that many of the
waters at the consumers' taps still had the capa-
bility to be moderately corrosive. In a system
where a corrosive water is attacking AC piping
material, the water would change chemically and
become less corrosive as it moved through the
system. Although there was some indication of
pH and calcium change in the water as it flowed
through the Montclair system, water in other
systems in the county could not be studied closely
for this effect because of changing treatment prac-
tices at each well. There is some evidence from
other studies that iron entering the water from
the corrosion of cast iron lines near the source of a

Ibble 2. Asbestos fiber counts from homes in various census tracts.

Census
tract

3
4
6
9

10
13
22
23
27
29
30
31
32
33
33
33
33
34
35
35
35
35
37
•BDL =
''NSS =accurate.

Sample
number
39719
39720
39716
39717
39718
39725
39730
39729
35454
39721
39722
39723
39724
40615
35457
39728
39754
40617
40616
35455
35455
39726
39727

Date of
sample
12/07/77
12/07/77
12/07/77
12/07/77
12/07/77
12/08/77
12/08/77
12/08/77
08/10/76
12/07/77
12/07/77
12/08/77
12/08/77
04/14/76
08/10/76
12/08/77
01/29/79
04/14/76
04/14/76
08/10/76
08/10/76
12/08/77
12/08/77

Concn, 108 fibers/La-b

Amphibole
BDL
BDLBDL
BDL
BDL
NSS
NSS
BDLNSSBDLBDL
BDLNSS
NSS
BDL
NSS
NSS
BDL
BDL
BDL
BDL

(0.05)
(0.05)(0.03)
(0.05)
(0.05)
(0.24)
(0.16)
(0.02)
(0.1)
(0.05)
(0.05)
(0.05)
(0.24)
(0.1)
0.1

(0.02)
(0.05)
(0.1)
(0.01)
(0.02)
0.5

(0.03)
(0.03)

Chrysotile
BDL
BDLNSS
NSSBDL
NSS
NSS
NSS
NSS
NSS
NSS
NSS

NSS

NSS

NSS

(0.05)
(0.05)
(0.16)
(0.24)
(0.05)
(0.24)
(0.16)
(0.12)
0.4

(0.24)
(0.24)
(0.16)
(0.24)
3.2

10.7
(0.12)
0.7
0.7

(0.05)
0.1
4.7

0.16
(0.16)

Principal area
pipe

characteristics
FeFe
Fe
Fe

50% AC/50% Fe
AC
AC
AC
AC
AC
AC
AC
AC
AC
AC
AC
AC
AC
AC
AC
AC
AC
Fe

Below detectable limit (shown in parentheses).Not statistically significant. Value shown in parentheses is based on too few fibers found in analysis to be considered
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Table 3. Some water quality values from home faucet samples collected 12/7-8/77.

Census
tract

3
3
4
69

10
22
23
29
30
31
32
33
35
37

Sample
number
39719
39725
39720
39716
39717
39718
39730
39729
39721
39722
39723
39724
39728
39726
39727

Field
pH
6.67.86.8
7.0
6.2
5.7 '
6.8
6.8
8.0
7.6
8.4
7.8
6.4
7.4
9.6

Lab
pH
7.2
7.7
7.5
7.6
6.6
6.6
7.5
7.6
8.1
7.7
8.4
7.9
7.1
7.5
9.0

Alkalinity, mg/L
31
27
32
44

9
9

30
36
34
36
3134
15.
26
50

Calcium, mg/L
37.5
29.7
25.5
59
138.3
30.5
35.0
41.3
43.7
34.5
38.3
1528.2
53.7

Total
iron, mg/L

0.45
0.46
0.17
0.07
0.07

0.07
0.07

AI«
10.3
10.6
10.4
10.7
8.7
8.5

10.5
10.7
11.2

- 10.810.4
11.0
9.4

10.4
12.4

Principal area
pipe characteristics

FeAC
FeFeFe50% AC/50% Fe
AC
AC

._ AC
AC
AC >
AC
AC
AC
AC

CaCOa. Aggressive Index 4- log (AH), where A - total alkalinity in mg/L as CaCO3 and H = calcium hardness in mg/L as

system may have a protective effect on AC pipe
further on in the distribution system. There were
no utility reports of iron coatings on AC pipe
unearthed. Nevertheless, the reports of red water
problems suggest this may have occurred in some
areas.

Data from analysis of the water samples
showed asbestos fibers in the drinking waters of
' some areas. However, the changing water treat-
ment practices at the well plants over the years
prevented these data and the data from later
samplings to be used specifically to estimate past
exposures. Instead, the Escambia County census
tracts were divided into three potential exposure
groups based on years of use and amount of AC
pipe, as follows.POTENTIAL HIGH EXPOSURE. At least 90% of the
population was served by AC pipe for 25 yr or
more in 1976 (9 tracts). Tract numbers: 13, 17, 19,
20, 27, 29, 30, 31, 33; population: 46,123.

Low EXPOSURE. Less than 90% of the tract
population was served by AC pipe or, if over 90%
of the population was served by AC pjpe, the pipe
was less than 25 yr old in 1976 (13 tracts). Tract
numbers: 3, 10, 11, 12, 14, 18, 21, 26, 28, 32, 34,
35, 36; population: 86,897.

No EXPOSURE. No AC pipe was used in the
census tract. Either cast iron pipe was used, or
the tract population was not on public water
supply (14 tracts). Tract numbers: 1, 2 ,4 ,5 ,6 , 7, 8,
9,15, 16, 37, 38, 39, 40; population: 51,378.
Figures 1 and 2 show maps of the geographic

distribution of the census tracts assigned to differ-
ent potential exposure classification groups. It
should be noted that census tracts 1, 2, 4, 5, 6 and
7 are in the city of Pensacola and census tracts 38,

FIGURE 1. Census tracts in Escambia County, FL, with an
indication of exposure to asbestos-cement pipe used for the
delivery of drinking water.

39 and 40 are in a rural area of the county.
Census tract 37 is centered around a papermill.
Utility personnel indicated that all AC pipe in

the county was thought to be type II pipe. Pipe of
this classification is autoclaved and is more corro-
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FIGURE 2. Detail of Figure 1. Central county census tracts
with, an indication of the exposure to asbestos-cement pipe.

sion resistant than type I pipe. Only populations
exposed for 25 yr or more were included in the
potentially high exposure category because stud-
ies of occupationally exposed asbestos workers
show a latency period of at least 20 yr between
initial exposure and onset of disease (6). Because
most of the systems are interconnected, water
may have, on occasion, flowed from a system with
one type of piping into a system with a different
type of piping. Although this factor could not be
considered when assigning census tracts to poten-
tial exposure groups, it probably did not signifi-
cantly alter exposure patterns over any great
length of time. Health Department personnel de-
termined that the flow would usually be from
systems with iron pipe to those with AC pipe
when mixing did occur. The Montclair system is
found in both census tracts 31 and 32. The newer
AC pipe section is in tract 32. Four census tracts
(total population: 20,936) were not included. Tract
25 is a beach area where housing is mostly less
than 5 yr old. Tract 24 is a naval base with their
own water supply. Tracts 22 and 23 were not
included because Escambia County Health De-
partment officials felt that the tracts would have
very high migration patterns because the resi-
dents are mostly Navy personnel.

Cancer Data
Because neither a tumor registry existed for

Escambia County nor were morbidity statistics
available, an Escambia County Health Depart-
ment official examined all death certificates from
1963 to 1976 by hand. Cancer deaths for the sites
listed in Table 4 were recorded by year for each
census tract along with data from the death cer-

tificate including age, sex and race (white or
nonwhite).

A sex-site specific standard mortality ratio
(SMR), i.e., the ratio of the expected to observed
deaths, was calculated for each tract by using the
1970 U.S. population age-sex-race-site specific
rates as standard rates. Eight age categories (0-
24,25-34, 35-44, 45-54, 55-59, 60-64, 65-74, 75
and older) and two race categories (white and
nonwhite) were used.
Other Variables

Data on other variables that might influence
cancer disease rates were obtained for each cen-
sus tract. Table 5 lists 12 variables that provided
some measure for the parameters of socioeco-
nomic status, occupation, residence stability, and
population density. The socioeconomic variables
included 1970 census data (7) from mean income
(INCOME); percent of households below the pov-
erty level (PHOUSE); percentage of high school
graduates (PHSG); median year of school corn-

Table 4. Summary of raw data for actual numbers of
deaths (1963-1976) by exposure group for all age

group*, races, both sexes.
Exposure group

Code* No Low High
1970 Population
Bladder
Kidneys
Gafltrointestinalb
Pancreas
Liver
LungsOther, excluding skin

—
188
189

150-159
157
155
162

170-171, 174,
190-199

51378
32

5
155

66
16

256
448

86897
26
10

128
61
17

253
371

46123
23

8
131
58
15

277
350

•International Classification of Disease for Oncology, WHO,
1976.
''Includes esophagus, stomach, intestines, colon, rectum,

liver, gallbladder, pancreas, pertitoneum.

Table 5. Socioeconomic indicators.
Code Description

1. INCOME Mean income of census tract
2. PHOUSE % households below poverty
3. PLABOR % in total labor force
4. PCONST % working in construction
5. PMANUF % working in manufacturing
6. PHSG % high school graduate
7. SHOUSE % resident same house in 1970 as in 1965
8. OHOUSE % resident in other house same SMSA
9. PTRANP % working in transportation

10. SEX Male/female ratio in census tract
11. PMYR Median school year complete
12. POPDEN Population density
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pleted (PMYR); and percentage of the work force
working in construction (PCONST), manufactur-
ing (PMANUF), or transportation (PTRANP).
According to Escambia County Health Depart-
ment information, the county had no asbestos
product manufacturing companies. Data on the
number of residents in the same house in 1965 as
in 1970 (SHOUSE) and in the same area (Stan-
dard Metropolitan Statistical Area) (OHOUSE)
were chosen to represent population stability.
Population density (POPD), which has been cited
as a potentially important factor in other studies
of ingested asbestos, was calculated from data
supplied by the West Florida Regional Planning
Council.
Data Analysis
For each of the cancer types listed in Table 4, an

analysis of covariance (8,5) was run to test for
differences in SMRs among potential exposure
groups (high, low, no). In order to adequately
satisfy the assumptions needed for an analyses of
covariance (e.g., normality), the square root of the
SMR was used as the dependent variable. The 12
highly interrelated nonexposure variables listed
and defined in Table 5 were reduced to four uncor-
related composite variables by principal compo-
ments analysis. These new variables (factor
scores), representing a composite of nonexposure-
related influences on disease rates, were used as
covariates in these analyses (8JO). Factor 1 was
basically a socioeconomic class variable. The
main contributions to this factor were from the
variables INCOME, PHOUSE, PHSG, and
PMYR. Factor 2 was made up of mainly SEX and
PLABOR (which was the only variable other than
sex to differ between the sexes) and is the sex
class variable. Factor 3 was made up of mainly
SHOUSE, OHOUSE, POPDEN, PCONST, and

reflected some measure of mobility. Factor 4 was
made up of mainly PMANUF and PTRANP and
reflected these job classes.
Results

As seen in Table 6, there were no cancer sites
for which the SMRs differed significantly (p <
0.05 level) between census tract groups having
potentially different asbestos fiber concentrations
in their waters. The R2 values for all sites were
less than 0.25 except for the site category of
"other." >

Discussion
The results of the analyses in this study do not

show any statistical association between the
deaths due to certain cancer types and the use of
AC pipe in Escambia County, FL. This conclusion
is consistent with the results of a previous study
of cancer incidence in Connecticut towns using
AC pipe (11). No other published epidemiologic
studies have specifically considered AC pipe.
In this type of epidemiology study, it is not

possible to assess the possible influences of such
individual factors as smoking, occupation, and
alcohol consumption on disease. These factors
have been discussed in previously published stud-
ies of the same type that considered exposure to
asbestos in drinking water (12,13). The R2 values,
which indicated that less than 25% of the varia->

tion between exposure groups was accounted for
by the general census tract level factors consid-
ered, were similar to the R2 values of the other
studies (11-13). Only the composite factor 4
showed a regression coefficient significantly dif-
ferent from zero for any sites (p < 0.05). This
factor is most heavily influenced by the job classes
of manufacturing and transportation, but the in-

Table 6. Exposure group mean SMR values for cancer sites.
Potential
exposure GI

*" SMR
Pancreas Kidneys Bladder Urinary* Liver Lungs Other*

Adjusted mean SMR (square root transformation)
High 0.721
Low 0.651No 0.596Probability
value 0.184

R* 0.21
Mean SMR values
High 0.563
Low 0.456
No 0.407

0.848
1.013
0.822
0.462
0.17
0.989
1.083
1.074

0.221
0.296
0.339
0.758
0.15
0.330
0.417
0.173

0.632
0.839
0.638
0.511
0.11
0.850
1.026
0.744

0.551
0.722
0.602
0.477
0.14
0.590
0.687
0.554

0.925
1.04
0.727
0.7389
0.01
2.132
1.987
1.329

1.092
1.087
0.903
0.245
0.16
1.256
1.178
1.035

1.671
1.676
1.555
0.546
0.46
2.753
2.698
2.947

"Combined kidneys and bladder.
Nether unspecified sites.
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terpretation of its statistical significance is diffi-
cult because the other nonexposure variables also
have some effect on the markup of this factor.

The size of the population involved in this study
is an important factor. For those cancers with low
frequencies of occurrence, the results must be
interpreted carefully, since one or two deaths
could change the results enough to alter the con-
clusions. In this study, mortality due to kidney
cancer did not occur in great numbers. Of the
census tracts, 75% had no deaths from kidney
cancer over the 14-yr period studied. Four census
tracts had recorded two deaths from kidney can-
cer, two were in the high exposure group and one
each in the low and no exposure groups.
It is apparent from the maps in Figures 1 and 2

that the census tracts assigned to the various
exposure groups are also grouped geographically.
This is an obvious consequence of studying piping
materials in a connected water distribution sys-
tem. Whether this physical alignment of tracts is
a confounding bias could not be readily assessed
with existing data. Attempts were made, how-
ever, to control for socioeconomic differences that
might be related both to the geographic groupings
and disease mortality. In previous studies of as-
bestos in water, the population density and popu-
lation mobility were found to be important factors
(12, 13). As seen in Table 7, the "no" exposure
group, containing both the central city census
tracts of Pensacola and the rural tracts in the
northern part of the county, had both the highest
and lowest census tract population densities. The
range of densities within this exposure group was
over three orders of magnitude. The other two
exposure groups had a much smaller range of
population density values. Analyzing the data
without considering population density had some
effect on the adjusted SMRs but did not alter the
results. The direct effect of population density
itself was not measured since independent com-
posite factors were used as covariates. Differences
among SMRs in the analyses of the gastrointes-
tinal cancer site were greater when population
density was included in the analysis.
Population mobility may be especially impor-

tant in asbestos-related cancer studies due to the
long latency period between initial exposure and
onset of disease. As indicated in one study (12),
population movement into, out of, and within an
area could conceivably result in findings that
either showed an association where none existed
or masked a real difference in cancer associated
with the use of AC pipe. As can be seen in Table 7,
population stability, as measured by the percent-
age of population 5 yr old or older living in the
same house in 1970 as in 1965, was similar for the
three exposure groups. All three were near the
47% level of the "high stability" super tracts
analyzed in the California Bay Area asbestos
study (12). The fact that about 50% of the people
had moved in a 5-yr period casts doubts on the
usefulness of this type of study for diseases with
long latency periods. Acknowledging that some
people may move several times in a period of
years, the data in Table 7 suggest that possibly
less than one-tenth of the people in the "possible
high" exposure census tract group in the 1970s
were actually using water delivered by AC pipe
25 yr earlier.

The sensitivity of the statistical analyses is an
important consideration. The study should have
been able to detect a 70% increase in gastrointes-
tinal cancer mortality in the population with
high exposure to AC pipe versus the population
with no exposure (a = 0.05). However, the ability
to identify an association, if one existed, with the
individual cancer sites of kidneys, bladder or liver
was poor. Because of the small numbers of deaths
due to cancer of those sites, a 300% increase
would not have been identified as statistically
significant.
It is useful to compare the Escambia County

situation with the calculations on ingested asbes-
tos risk made from occupational data and de-
scribed in a proposed ambient water quality crite-
ria document (14). This exercise suggests that
ingestion of 300,000 asbestos fibers/L will result
in one cancer death among 100,000 people in 70
years. The validity of calculating this risk value
from occupational groups exposed to airborne as-
bestos is open to question, and the use of it in this

Table 7. Population density and stability.
Population density*

Exposure group
NoLow
Possible high

Median
130
795

1,033

Mean
3,950
1,800
3,200

Max.
33,000
5,500
4,000

Min.
10
70

300

Mean
60%
44%
48%

Stability, %b

Max.
72%
64%
59%

Min.
52%
33%
36%

•Density; 1970 census tract population/square miles of census tract.
''Population in the same house, 1965/population 5 yr or older in 1970.
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calculation should in no way imply its acceptance
as a standard-setting value. It is, however, a
useful value for evaluating epidemiologic studies
of ingested asbestos. The criterion is equivalent to
predicting 0.5 cancer cases/million people per
year per million fibers per liter. If it is assumed
that the exposure level was between 1 and 10
million fibers/I* (Table 2) for the exposed popula-tion of about 50,000 people, there will be esti-
mated an additional 0.03 to 0.3 cancer cases peryear. This would be an additional four deaths
maximum to be added to the 14-yr data in Table 4.
This increase would be on the order of 2% forgastrointestinal cancer deaths. If the additionalcancers estimated by the criterion had occurred,they would not have been detected in the present
study. The above calculation requires a number of
assumptions, including that of a lifetime (70-yr)exposure for the population at risk. A paper in
these proceedings (15) has pointed out that the
actual average exposure of a population at a
given point in time is 31 years. Consideration ofthis fact serves to decrease the estimated number
of cancer deaths that would be predicted and
therefore decreases further the chance that an
effect could have been detected in this study if in
fact an effect was present.

Conclusion
To the level of sensitivity imposed by the limi-

tations described in the discussion, this study
found no evidence for an association between the
use of AC pipe for carrying drinking water and
deaths due to gastrointestinal and related cancers
in Escambia County, FL.
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Comparing Epidemioiogic Studies of IngestedAsbestos for Use in Risk Assessment
by Linda S. Erdreich*

Epidemioiogic data can be used in risk assessment in various ways: to calculate the
dose-response relationship between exposure levels and adverse effects; to establish
ranges of exposure known to be safe or unsafe; to verify an endpoint in humans derivedfrom a route or species extrapolation; to support assumptions necessary for performing
extrapolation procedures. These points are illustrated in the risk assessment for exposureto asbestos in drinking water.

A previous risk assessment for asbestos, the EPA's Ambient Water Quality Criteria
(AWQC) for Asbestos, was derived from cohort studies of inhalation exposure. Epidemio-iogic studies of ingested asbestos, all of geographical correlation design, were compared
on the basis of their ability to add information in support of both the route extrapolation
and low-dose extrapolation used in this risk assessment. Results of these ingestion studies
were inconsistent due to variable ability to detect a risk from chronic low-level exposure.
After preliminary comparisons of factors that determine scientific validity and statistical
power, two ingestion studies were selected to determine if they had the potential to detect
the risk predicted by the AWQC.
This evaluation has shown that these studies do not offer quantitative data for estimat-

ing levels associated with a defined risk. Due to short exposure duration and limited
power, clearly safe and clearly unsafe ranges could not be definitely identified. The most
appropriate ingestion studies suggest, but do not prove, the endpoint derived from the
route extrapolation in the AWQC.

Introduction
The incorporation of information from epidemi-

ologic studies into health risk assessment de-pends on the nature of the available scientific
data and the nature of the unresolved issues.
Epidemioiogic data can be used in health risk
assessment for a variety of purposes. The process
of screening and comparing epidemiologic studies
for use in health risk assessment will be described
for ingested asbestos.

The EPA's Ambient Water Criterion (AWQC)
for Asbestos for human health is based on human
inhalation studies; therefore, data on the health
effects of human exposure via ingestion are neces-
sary to verify this route extrapolation. Ingested
asbestos studies are evaluated to select those ap-
propriate for use in risk assessment. Central to
this evaluation is the comparison of the increased

'Environmental Criteria and Assessment Office, U.S. Envi-
ronmental Protection Agency, 26 West St. Clair, Cincinnati,
OH 45268.

risk predicted on the basis of the AWQC with the
estimated ability of a given study to detect this
risk.

An integral aspect of screening studies for use
in risk estimation is the critical analysis of all the
strengths and weaknesses of relevant aspects of
each study. Because Marsh, in his presentation at
this workshop (I), did this in great detail for the
epidemiologic studies of ingested asbestos, this
analysis will not be repeated here.
Background

One of EPA's many endeavors in the area of
health risk assessment has been the Ambient
Water Quality Criteria Documents (AWQCD) (2).
The Clean Water Act of 1977 (P.L. 95-217) re-
quired these documents to calculate criteria for
65 toxic pollutants or pollutant categories and to
summarize and reflect accurately current knowl-
edge of the kind and extent of all effects on human
health that would be expected from the presence
of pollutants in ambient water. The water quality
criteria for human health are a scientific assess-
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ment of ambient levels of a pollutant that is
estimated to result in defined levels of risk for a
given carcinogen or no-observed-adverse-effect
levels for toxicants. States may use these criteria
and, after considering local environmental condi-tions and human exposure patterns, incorporate
them into regulations as standards.

Obviously, the ideal source of data for assessinghuman risk is exposure situations in humans via
the appropriate exposure route. In the absence ofquantitative route-specific data for humans, it issometimes necessary to substitute either human
data from another route of exposure or dose-re-
sponse data in animals. Extrapolations fromroute to route (e.g., inhalation to ingestion), from
animals to humans, or from high to low doses areperformed according to procedures documented in
the Federal Register (3). These procedures areconstantly being refined and apply to situations
in addition to those of ambient water quality—hazardous waste sites, for example.

Basis of the Current AWQC forAsbestos
The AWQC for asbestos is derived from expo-

sure-response data in three epidemiologic studiesinvolving large occupational cohorts exposed for aworking lifetime to airborne asbestos. Theseworkers, who were followed over time to ascer-
tain causes of death, were found to have an in-
creased incidence of peritoneal mesothelioma and
gastrointestinal (GI) cancers. In two of the studies
used to calculate the criterion, GI cancers in-
cluded esophagus, stomach, small intestine, colon
and rectum. In the third study, liver, gallbladder
and pancreas were also included. The assumptionthat these cancers can also be caused by ingested
asbestos was supported by positive associations
for digestive tract sites in the geographic correla-
tion study of ingested asbestos in the California
study first reported by Kanarek et al. (4). The
route extrapolation is also supported by the factthat most of the inhaled asbestos is cleared from
the respiratory tract and ingested by normal body
processes.The average of the excess deaths in all threecohorts exposed via inhalation was related to the
average exposure index. This average was alsoextrapolated to low dose levels to estimate crite-
ria levels; e.g., the ambient water level necessary
to keep lifetime excess cancer risk to an exposed
population below 10-* is 0.3 million fibers of all
sizes/L (0.3 MFL), assuming ingestion of 2 L wa-
ter/day and 70 yr exposure (2). According to EPA

guidelines (3), the extrapolation to low dose islinear when using human data and does not in-
clude calculation of an upper 95% confidence limit
as when the extrapolation is calculated from ani-mal data. Because both a route extrapolation anda low-dose extrapolation were used, the criteria
would be strengthened by support from humanstudies of exposure by ingestion at ambient lev-els.
Uses of Epidemiologic Data inRisk Assessment
Epidemiologic data can be used in risk assess-ment for a variety of purposes: (1) to estimate t

dose-response relationship in order to identify tfer'highest concentration level at which no adversehealth effects or a defined low-level of adversehealth effects are anticipated; (2) to establish
ranges of exposures that are or are not associatedwith an adverse effect; (3) to support or verify an
endpoint identified from a different route of expo-
sure or from experiments in animals; (4) to sup-
port general assumptions necessary for perform-ing extrapolation procedures.
These purposes depend on characteristics of the

data as determined by study design, power, and
quality of the exposure data. For example, quan-
titative exposure-response data are necessary forquantitative estimates described in points (1) and
(2). Studies with qualitative exposure data are
useful for point (3) to verify a route extrapolation
or a target organ for a suspected carcinogen. T>
support extrapolation processes, point (4) usu
requires a body of evidence, such as the human
epidemiologic studies of carcinogens that corre-
late with animal studies.

The derivation of the existing asbestos AWQC
for human health from epidemiologic data illus-trates point (1). That assessment required anextrapolation from the inhalation exposure route
to the ingestion route because existing epidemio-
logic studies of ingested asbestos were of geo-
graphic correlation (ecological) design not appli-
cable for quantitative risk assessment.
Research on the health effects of asbestos has

continued since the publication of the AWQC and
has contributed information that can be used to
reevaluate this risk assessment. More recent
studies designed to evaluate the association be-
tween ingested asbestos and cancer can be used to
address point (2), distinguishing safe from unsafe
ranges of exposure, and point (3), verifying the
association between ingested asbestos and cer-
tain cancers. Point (4) describes the use of a broad
epidemiologic data base and is presented for com-



INGESTED ASBESTOS STUDIES FOR RISK ASSESSMENT 101

pleteness, although data on asbestos cannot yet
be used for this purpose.
Comparing Epidemiological
Studies of Ingested Asbestos
All nine ingestion studies compared in this

discussion are ecological studies in which readily
accessible vital statistics, such as mortality or
incidence, are correlated with the exposures as-
sumed to be experienced by these populations.
Geographic correlation studies usually serve as
screening devices to indicate associations that
could be examined subsequently with more pre-
cise and powerful analytic designs, such as case
control or cohort. The correlation studies were
performed to offer a rapid and cost-efficient mech-
anism for addressing the public health questions
of whether areas with asbestos-cement pipe have
higher cancer rates. The nine studies cited (4-12),
which were performed in five geographic areas,
lack precision due to the possible misclassifica-
tions inherent to this study design in which resi-
dence in an area is assumed to reflect lifetime
exposure to that water supply. Inferences that can
be made are weak and insufficient for establish-
ing a causal relationship. These studies do, how-
ever, make it feasible to incorporate a sample size
sufficiently large to detect small increases in low-
probability outcomes such as cancer.

The limitations of these asbestos studies are
due in part to characteristics inherent to the
problem of studying the effects of low-level expo-
sures on rare outcomes such as cancer. Even at
the high occupational exposure levels, relative
risks for mortality following inhalation exposures
ranged from 1.5 to 2.5 for GI sites (13). The
limitations listed in Table 1 suggest that, to es-
tablish the dose-response gradient by epidemio-
logic studies, an analytic (case-control or cohort)
study of sufficient sample size would be required
to detect the low relative risk expected.
This table also lists approaches to handle these

limitations. Many have been attempted in the
studies to date. For example, a surveillance sys-
tem has been initiated in Duluth to follow trends
over time (5), and studies were initiated in the
Puget Sound area, which has high ambient levels
( 1 1 ) . Confounding risk factors for cancer, such as
diet, smoking habits and occupational exposures,
are not well evaluated in geographic correlationstudies.

The evidence for a causal relationship between
a risk factor and disease is often evaluated by
comparing the pattern of results among studies.
Consistent and repeatable results to support the

association are particularly important when the
association is weak due to low exposure levels or
the low potency of the carcinogen. Table 2 shows
that few associations between asbestos and can-
cer are positive in both sexes, and few are re-
peated across studies for the same cancer site
(11). Two sites that show repeated positive associ-
ations among studies are the pancreas and stom-
ach, but the latter is not consistently positive for
both sexes. Since the AWQC was based on total
peritoneal mesotheliomas and "gastrointestinal
cancers," mainly of esophagus, stomach, colon and
rectum, those sites must be examined together in
order to evaluate the AWQC. (Peritoneal me-
sothelioma is rare and was often omitted from the
studies because few cases were reported.)
Table 3 presents results for these sites, as re-

ported only in papers representing two of the
areas, Duluth and California (4-6,9). Mortality
data for Duluth reported for four 5-yr periods did
not support an increase, although the data were
tested for trend (5). Levy et al. (6) found that
standardized incidence ratios were higher for the
two comparison cities than for Duluth. Both re-
ports of cancer incidence in the San Francisco
area show an increase in rates with asbestos fiber
counts (4,9). Conforti et al., who tested the stand-
ardized incidence ratios for slope and found the
increase for "all digestive tract cancers" signifi-
cant for white males and for white females, inter-

Table 1. Inherent limitation* of studies involving
ingested asbestos and possible solutions.

Inherent limitations Approaches
Exposure duration is short
compared to cancer's long
latency period (5-8)

Exposure levels are often
low, particularly for
asbestos-cement pipe (7, 8,
12)

Exposure to individuals is
not usually assessed in
geographical correlation
studies (4-12)

Probability of outcome is
low, requiring extremely
large samples

Confounding factors exist
and can bias results

Increase observation period
Maintain surveillance over
time

Select study population from
high exposure area

Increase sample size

Design study to examine
individual exposures

Design study to focus on
high-risk groups

Use case/control study
design to reduce required
sample size

Control by: stratification or
mathematical modeling or
restriction of study design
to certain areas or
individuals
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Table 2. Summary of studies of cancer risk in relation to asbestos in water supply by site of neoplasm.*

Site of neoplasm1*
Area Reference

Small
Esophagus intestine Colon Rectum Stomach Pancreas Lungs Peritoneum

Duluth,MN
Quebec
Connecticut
California
Washington
Florida

Mason et al. (S)Levyetal. «S;
WigieUOJ
Harrington et al. (7)Meigs et al. (8)
Conforti et aL (9)
Kanerek et al. (4K
Polissar etaL (11)
Millette etal.(12)

00OO
—
—
MF
OO
—

OO
—
—
00
MF
—

OOOO
OO
00OO
00
OO
—

MF
00
OO
OOOO
00
OO
—

MF
MO
MO
OOOO
MF
OO
—

OFMF
OF
B

MF
OO
00

.1
MO
OO
00
OO
OO

00
—
,̂ _
OF
—
—

•Adapted from Polissar et al. (11). >bM, association in males; F, association in females; B, association in both sexes combined; O, no association; —, not studied.cConforti et aL (9; update these results.
Table 3. Summary of studies that assessed the association betweenall digestive cancers and exposure to asbestos.

Area
Duluth,MNDuluth,MN
CaliforniaFlorida

Reference
Mason et si (5)
Levy et al. (6)Conforti et al. (9)
Millette et al. (12)

All digestive
(ICD 150-158Kb

00MF
OO

Digestive tract
(ICD 150-154)

OO
MF

Digestive-related organs
(ICD 155-158)

MO
•Code as in eighth revision. International Classification Disease, 1968 (IS). 150-154: esophagus, stomach, small intestine, colon,rectum. 155-158: liver, gallbladder, pancreas, retroperitoneum.1>M, association in males; F, association in females; O, no association; —, not studied.

preted the findings as indicating a positive gradi-
ent with asbestos levels (9). These increases were
consistent when stratified on education and in-
come to control for the potential confounding ef-
fect of socioeconomic status.The inconsistent results across these ingestion
studies "»" be interpreted by examining some
factors that affect the ability of a study to detect
an association. Factors common to nearly all of
these studies include lack of control for confound-
ing risk factors, possible misclassification of expo-
sure due to migration, and lack of assessment of
variability in daily water source. These factors
are inherent to geographic correlation studies
using residence as a surrogate for exposure. Fac-
tors that vary among the studies and affect the
power of the study to detect an increase include
the sample size, frequency of outcome, exposure
level, duration of the observation period, and du-
ration of the exposure.

Table 4 shows some of these factors for each of
the six areas covered by these nine studies. The
Canadian study was seriously biased by the con-
founding effect of occupational exposures (10). In
Minnesota, Florida, and Connecticut, duration is
barely equal to the suspected 20- to 40-yr latency
period for these cancers (13). Exposure levels are

low in Connecticut and Florida, thus weakening
the association. A lack of association in these
geographic areas could be attributed to the inabil-
ity of those studies to detect low risks. The hi
exposure levels and longer duration in PugSf
Sound and California suggest that the size of the
association would be greater in these areas and
therefore more easily detectable.

The ability of a study to detect the risk esti-
mated by the AWQC can be assessed by compar-
ing the estimated excess risk with some measure
of the ability of the study to detect this risk. The
increased risk expected due to asbestos exposurecan be estimated by the number of excess cancer
cases predicted by the risk assessment in the
AWQC. Several assumptions are required to re-
late the AWQC-estimated 1 x 10-* lifetime excess
risk for 0.3 MFL to the yearly incidence rate. On
assuming that all ages are equally at risk and
that the dose-response relationship is linear, an
approximation of the excess cancer risk per year
can be calculated for the California area as fol-
lows:

1 cancer________________ 20 MFL
108 persons x 70-yr exposure 0.3 MFL =» 1 x 10-s

where 20 MFL is the middle value of the high
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Table 4. Characteristics of the epidemiologic studies that affect the power to detect an association.

Study area
(reference)

Duluth, MN (6)Connecticut ( 7, 8)
Bay Area, CAM, 9)
Puget Sound, WAU;)Florida (12)
Quebec UO)

Duration
of exposure,yr

=-16-17
»19
>40
>50
>25
>25
>50

Population
exposed
100,000
576,000

1,000,000
78,000
46,000
87,000

140,000

Probable Estimate of maximum excess
exposure level cancer per year*-*1

1-30 MFL
<0. 1-0.7 MFL

4-36 MFL
200 MFL

< 1-10 MFL (AC pipe)
80-220 MFL

_

1 X 10-5
10 x 10-5—

_ c
•Based on AWQCD estimate of 1 x 10-5 lifetime excess risk of gastrointestinal cancer and peritoneal mesothelioma for 0.3 MFLd

MFL =• 3.33 x 10-5 excess cancers) and on assumptions described in the text
Calculated only for areas with potential for lifetime exposure at time of study: [1 cancer/( 100,000 persons/70 yr)] (20 MFL/0.3MFL) =» 1 x 10-*.
Ttesults biased by occupational exposures in the exposed group.

exposure group. A similar extrapolation for the
Puget Sound, using 200 MFL, estimates an excess
rate of GI cancers of 10 x 10~5. Assuming a back-
ground incidence rate of 90/100,000 (0.0009) for
California and 75/100,000 for Puget Sound for
these cancers, the estimated relative risk for ex-
posed groups is 1.01 for California and 1.1 for
Puget Sound. There are two other areas of uncer-
tainty in these estimates. First, the average age
for the 1973 San Francisco-Oakland population
up to age 70 is 31 yr, representing average expo-
sure duration, whereas the AWQC is based on 70
yr exposure. This may understate the risk. Alter-
natively, using incidence instead of mortality
may overstate the risk because the incidence rate
for GI cancers is approximately twice the mortal-
ity rate.

The ability of a study to detect a given risk is itspower. It is not appropriate to estimate power for
ecological study designs on the basis of sample
size alone because of the unquantifiable biases
introduced by misclassification. It is possible,
however, to determine whether these studies
would be at least large enough to detect a differ-
ence in the absence of systematic biases by com-
paring them to cohort studies of similar size for
which power can be estimated. A comparison will
be made with studies of cohort design because
analyses in these studies focus on exposed and
unexposed groups (14). However, this exercise can
tell us only whether a study is too small; it cannot
help to determine if the sample size is adequate.

Sample size tables (14) show that for an out-
come of 0.001, slightly higher than the incidence
of all GI cancers, a cohort sample the size of the
California study would have an 80% probability
of detecting a relative risk of 1.1 at a = 0.05. A
cohort sample of the size of the Puget Sound study

would have an 80% probability of detecting a
relative risk of 1.5 at a = 0.05. The Puget Sound
study reported the results for single sites: a co-
hort study this size could detect a relative risk of
4 for pancreatic or stomach cancer. If the risk for
these exposures is similar to that predicted by the
AWQC, and if the assumptions apply, then these
correlation studies would probably be too small to
detect the expected risk.

While the study in Puget Sound (11) was inter-
preted to be negative, the 6-yr study in California
(9) suggests a positive association of cancer of the
digestive system with ingestion of asbestos. This
study need not be ignored simply because less
powerful studies do not verify this endpoint.
While the multiple statistical comparisons and
the ecological design introduce biases that reduce
the power, the high significance level of the test
for trend suggests some association with asbestos.
The increase in "all digestive cancers" was signifi-
cant with a low relative risk (<1.1) and was
associated with the high exposure census tracts
(4-36 MFL). This study suggests that any associ-
ation between GI cancers and asbestos exposure
may be limited to specific sites such as the stom-
ach and pancreas. These are relatively rare can-
cer sites in humans and require large sample
sizes to detect an increase. Polissar et al. (11)
compared all of the studies and concluded that
results for pancreatic cancer were the least likely
to be due to chance (see Table 2). The case-control
study by Polissar et al. in the Puget Sound area
presented at this workshop (15) offers an opportu-
nity for similar analyses for specific sites. The
minimum risk that could be detected was under
2.0 for each sex for the following grouped or single
sites: digestive system, colon, respiratory tract,
and lungs.
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Discussion
The observation that geographic correlation

studies of populations exposed to ingested asbes-
tos detected little evidence for an increased can-
cer risk must be reevaluated in view of the consid-
erations affecting the power of any study. Several
of the studies were insensitive due to low expo-
sure levels and short exposure duration. The po-
tential for misclassification in the ecological
study design makes it inappropriate to assess
power directly, yet negative studies should be
interpreted in terms of the risk each has the
ability to detect. The maximum sensitivity that
could be expected from the potentially valid stud-
ies, those performed in California (4,9) and Puget
Sound (11), leads to the conclusion that the abil-
ity to detect increased relative risks <2 (100%
increase) is questionable. It is possible to summa-
rize these two studies as follows: Little if any risk
was detected in studies that were capable only of
detecting the increase in GI cancers if it was
greater than that predicted by the AWQC.
Summary
This body of evidence, summarized in view of

the general uses of epidemiolgoic data in health
risk assessment described above, does not offer
quantitative data for estimating levels associated
with a defined risk. Due to limited statistical
power and inherent biases in the study design,
clearly safe and clearly unsafe ranges cannot be
definitely identified. The results of the study in
the Bay Area by Conforti et al. (9) suggests, but
does not prove, the endpoint derived from the
route extrapolation required for the AWQC.
These ingestion studies do suggest that the risk is
not greater than that estimated from the inhala-
tion studies and may be less. Due to the large
number of individuals with potential lifetime ex-
posure to asbestos, even small increases in rela-
tive risks are important; therefore, measures to
reduce exposure are still indicated.

Tb resolve the issue of the human health risk of
waterborne asbestos, it would be necessary to
initiate analytic epidemiologic studies that have
greater sensitivity. Examination of available
pharmacokinetic and experimental animal data
would be useful. If data from animal studies
clearly did not support the association between
cancer and ingested asbestos, the need for human
studies might be circumvented.
The author thanks James R. Millette of the U.S. EPA for

suggesting the basis of table 4, and Dr. Rebecca H. Osborne of
the National Institute for Occupational Safety and Health for
suggestions.

The research described in this paper has been peer and
administratively reviewed by the U.S. Environmental Protec-
tion Agency and approved for presentation and publication.
Mention of trade names or commercial products does not
constitute endorsement or recommendation for use.
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Commentary

The San Francisco Bay Epidemiology Studieson Asbestos in Drinking Water and CancerIncidence: Relationship to Studies in OtherLocations and Pointers for Further Research
by Marty S. Kanarek*
I would like to give my views on why the results

in the San Francisco Bay studies (1,2) are gener-
ally more positive than the other ecological epide-
miology studies that relate asbestos in drinking
water to the incidence of cancer. Many other
people have speculated, and I think it would be
very appropriate here for me to do this also.
I see four possible explanations for the gener-

ally larger number of positive results from the
San Francisco Bay studies as compared with the
studies in Puget Sound (3), Connecticut (4,5), andother places.
First, it is possible that the San Francisco Bay

Area results are spurious or that the epide-
miology studies done in other areas lack enough
sensitivity to detect a real effect. This seems
doubtful, however, considering how much effort
has been made by various parties to negate the
San Francisco positive results and to no avail.
Also, the studies from Duluth (6), Connecticut (4,
5), Puget Sound (3), and San Francisco Bay (1,2)
are apparently so well and thoroughly done that
it is hard to dismiss any of them as insensitive indesign.
The second explanation is one of simple statisti-

cal power considerations. The San Francisco Bay
Area study used the largest population. Thus, for
cancers of low incidence, it had enough power to
detect an association, whereas the other studies
had too few cases to merit a similar association.
The third explanation concerns differences in

fiber amounts, fiber size and the follow-up period.

'Department of Preventive Medicine and The Institute for
Environmental Studies, 504 N. Walnut St., University ofWisconsin, Madison, WI 53705

An explanation for the differences found in the
West Coast studies could be that longer fibers
were absent in Puget Sound as compared to the
distribution of fiber lengths in the Bay Area.
Likewise, the asbestos counts in Connecticut
were low compared with those in the San Fran-
cisco Bay Area. As for follow-up, only now have
enough years passed in Duluth to approach en-
compassing the latent period necessary.
The fourth explanation concerns the biological

mechanism of asbestos-related carcinogenesis.
The San Francisco Bay Area population may be
exposed to some cocarcinogen or not exposed to a
possible protective factor. This would especially
be important if asbestos were not an initiator.
Neither the initiator in the San Francisco Area
nor the protective factor in the other areas would
have to be in drinking water—food would also be
a prime candidate.
Practically, what should be our next steps in

answering our questions concerning asbestos in
drinking water and cancer? Clearly, population-
based incidence case-control studies should now
be done on stomach, pancreas, and peritoneal
cancers because of the findings of all the ecologic
studies put together. Remember, a misdiagnosed
peritoneal mesothelioma would most likely be
called a pancreatic cancer.
In proper epidemiologic progression, we have

conducted descriptive studies in order to refine
our hypothesis, in this case to select which cancer
body sites warrant case-control studies. Inci-
dence, not mortality case-control studies, should
now be done because of the complicated exposure
histories necessary in this instance to do a proper
study. For individuals with newly diagnosed can-
cer of the pancreas, peritoneum, and stomach,
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and for the appropriate control cases, such inci-
dence case-control studies would seek detailed
lifestyle and exposure histories, including life-
time residence histories, occupation, drinking wa-
ter consumption habits, diet (specifically vitaminintake), cigarette smoking and other factors.

An incidence case-control study would be in-formative concerning any potential etiologic vari-
ables or combination of variables on which data
could be gathered from cases and controls. Fiber
length should be incorporated in the assessment
of individual lifetime asbestos ingestion. Given
the basic positive results—the presence of longer
fibers and the speculation that a cocarcinogen
exists or that an inhibiting or detoxifying varia-
ble is absent—the San Francisco Bay Area would
be a most fruitful location for such a study.

The views and policies presented by the author in thiscommentary do not necessarily reflect those of the U.S. Envi-
ronmental Protection Agency. Mention of trade names or
commercial products does not constitute endorsement or rec-
ommendation for use.
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Commentary

of Studies on Cancer Risks fromAsbestos in Connecticut Drinking Water
by J. Wister Meigs'

Two related studies were conducted in Connect-
icut to try to assess cancer risks from asbestos in
Connecticut public drinking water (1-3). Eleven
of the state's 169 towns used source waters con-
taining small amounts of asbestos (less than
500,000 fibers/L as delivered to users). In 82
towns, some, but rarely all, of the population
received in their homes water delivered through
asbestos cement (AC) pipe located in some part(s)
of the distribution systems. The total population
potentially exposed on a regular basis to such
waters was about 600,000, approximately 20% of
the state's population. The average possible dura-
tion of exposure was about 20 yr but ranged from
over 30 to less than 5 yr.

The published studies were correlational. They
considered rates for all cancers, including those of
the stomach, colon, rectum, pancreas, lungs, uri-
nary bladder, and kidneys. There was no informa-
tion about residential mobility or possible occupa-
tional exposures of persons who were reported to
the Connecticut Tumor Registry (CTR) with
newly diagnosed cancers. The U.S. EPA report
listed individual cases of peritoneal mesothe-
lioma by town of residence at diagnosis. Possible
occupational exposures were explored by search-
ing through city directories. No interviews wereconducted for either study.

No consistent evidence of a cancer risk from
asbestos in water was suggested in any of the
Connecticut work. In comparison with correla-
tional studies from other areas, possible expo-
sures of Connecticut residents to asbestos were
quite low, generally only a few hundred thousand
fibers per liter as compared with 50 million or
more in the water supplies of both San Francisco
and Everett, Washington. The second Connecti-
cut study (2) should have detected a 50% in-

'Department of Epidemiology, Yale University School ofMedicine, 60 College St., New Haven, CT 06510.

creased risk in total cancer rates in towns with
the highest reported asbestos levels versus those
with the lowest (a = 0.05, p = 0.90).
The review of peritoneal mesothelioma gave no

indication of a relationship with asbestos in wa-
ter. A study in progress of all mesotheliomas
reported to CTR from 1955 to 1977 indicates that
occupational exposures, probably largely to
chrysotile, have caused pleural, but rarely perito-
neal, localization of this disease. Occupational
exposure is suggested in 85% of all cases among
men. The study provides circumstantial evidence
that causes other than asbestos have probably
been important determinants of peritoneal and
other nonpleural mesotheliomas (4). This compre-
hensive review of Connecticut's mesothelioma ex-
perience is consistent with the negative findings
of our correlational studies on possible effects of
AC pipe on cancer rates (1-3).
The collaborators for these studies included wa-

ter supply and water quality specialists from the
State Department of Health Services and U.S.
EPA, and the staff of the CTR and the Depart-
ment of Epidemiology and Public Health at Yale
University. The first work also involved the Cen-
ters for Disease Control of the U.S. Department of
Health and Human Services. There was general
agreement among the authors that although as-
bestos, as found in Connecticut drinking waters,
could never be assumed or proven to be absolutely
safe, there was no reason to change "current wa-
ter distribution policies for Connecticut watersupplies because of A/C pipe use"(2).

The foregoing conclusions were based on sev-
eral considerations emphasized in discussions
with water supply and water quality specialists,
but not included in the report. These were as
follows. In many cases, potable drinking water
from public supplies is a specialized chemical
product and will probably be controlled chemi-
cally in the future within even narrower limits
than at present. These chemical controls are die-
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tated by the primary requirement that communi-
cable disease agents be excluded from or broughtwithin acceptable limits in water delivered tousers. The controls must also deal with possiblecorrosive effects of the water on both public pipingsystems and the systems existing in the homes of
users. Third, the leaching of asbestos fibers fromAC pipe into potable water supplies can be con-trolled completely by proper practices. Asbestosfibers occurring naturally in source waters can bereduced by filtration to less than 1% of theiroriginal levels.
All treatment systems and ail piping systems

have the potential for introducing undesirable orhazardous substances into potable water supplies.Some of these are either suspected or knowncarcinogens. Chlorination may produce trihalo-methanes. Asbestos could eventually be shown to
be carcinogenic in water supplies despite the lackof satisfactory current evidence. Aromatic hydro-carbons used for coating steel pipe are known tobe carcinogenic, although quantities released intopotable water are extremely small.
In view of the foregoing considerations, thewater supply and water quality specialists whocollaborated in the Connecticut studies believed

that proper control of drinking water qualitywould offer the most effective strategy to deal
with the potential health risks known or sus-
pected in potable water supplies.Data reported at the U.S. EPA Workshop onOctober 13 and 14,1982, appeared to corroboratethe conclusions reached in Connecticut, with the
single exception of the ecologic study in the San
Francisco area. Further statistical analyses of
those data presented at the workshop suggestedpossible nonasbestos-related explanations for theoriginal findings. The case-control study of cancerin relation to asbestos in water in the Seattle-
Everett, Washington, area gave the most power-
ful epidemiologic evidence reported thus far thathuman cancers have not been shown to be related

to asbestos in drinking water. The 100-foldgreater asbestos-in-water exposures of residents
of Everett compared with those in Connecticut
would make it extremely unlikely that measur-
able numbers of cancers could have been detected
in Connecticut, even if future work identifies a
cancer risk from asbestos in drinking water.It appeared that the most important informa-
tion gap is in methods for measuring asbestos
quickly, accurately, and relatively inexpensivelyin water as well as in air and foods. Suggestions
were made for such methods. Epidemiologic stud-ies of asbestos alone should probably not be
planned. However, a comprehensive case-contr''
study that considers trihalomethanea and oth»^^
organic and inorganic materials, as well as asbes-
tos, should be conducted in areas with adequatehistorical data about water supplies.

The views and policies presented by the author in this
commentary do not necessarily reflect those of the U.S. Envi-
ronmental Protection Agency. Mention of trade names or
commercial products does not constitute endorsement or rec-
ommendation for use.
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Comments on the California Studies
by Robert C. Cooper*
I became interested in asbestos in drinking

water supplies in the spring of 1973 when Mr.
Jack Murchio, our electron microscopist, pointed
out that a number of San Francisco Bay Area
reservoirs were situated on geologic formations
that are known to contain asbestos, i.e., serpen-
tine rock. Thus we set out to examine the raw
drinking water associated with these reservoirs
for the presence of asbestiform fibers. This re-
quired the development and refinement of a
method for the determination of concentration,
enumeration, and identification of fibers in water
using electron microscopy. The results of our pre-
liminary investigations indicated that fiber
counts as high as 2 x 108 fibers/L were present.
These results were published in September 1974
(1). To my knowledge, this was one of the first
reports of the presence of asbestos fibers in drink-
ing water associated with natural geologic forma-
tions rather than with asbestos mining or other
industrial activities.

The potential public health problem associated
with asbestos in water supplies, particularly in
light of the 1974 reports from Duluth, MN,
seemed obvious. An epidemiologic study appeared
feasible, since the San Francisco Bay Area was
serviced by a number of water supplies, some
from asbestos-rich geologic formations. Tumor
morbidity data for the geographic area involved
was available through the San Francisco Bay
Area Resource for Tumor Epidemiology. Our epi-
demiologic study was funded in 1976 by the EPA
Health Effects Laboratory. Dr. Marty Kanarek (a
doctoral student at the time) was the project man-
ager and Mr. Paul Conforti was assigned as pro-ject statistician.

The resultant study was subject to all the prob-
lems of such projects. The most time-consuming
task was to develop water supply information as
it related to the 1970 census tracts of the involved
counties and to determine whether or not such

•Division of Environmental Health Sciences, School of Public
Health, University of California, Berkeley, CA 94720.

information reflected 20-30 years of past history.
Among the problems we recognized were the in-
sensitivity of the asbestos assay method, the in-
complete employment history available from the
tumor registry, the lack of smoking and alcohol
consumption data, and the problem of populationmobility.

As is well known, the final result of our study
(2) showed a statistically significant correlation
between asbestos fiber concentration in drinking
water and cancer incidence, particularly in or-
gans of the digestive tract. We were very cautious
to claim only a statistical relationship and not
one of direct cause and effect. One troublesome
result was a statistically significant negative cor-
relation between uterine cancer and asbestos fi-
ber concentration.

The statistical methods used in our study were
relatively simple and straightforward. Since the
publication of our results, Dr. M. Tarter, at my
request, has rigorously reanalyzed all of our data
to determine the reality of the observed correla-
tion. The results of this further analysis have
generally reconfirmed our earlier observations.
The negative correlation between asbestos level
and uterine cancer is most likely a statistical
artifact due to the method of residual analysis
performed in the original study.

A number of critics raised the question of
whether population density might be a major
cause of the observed positive correlation. As Dr.
Tarter reported, our recent analysis of the effect
of population density shows no impact on the
correlation between asbestos concentration and
tumor incidence. However, in the process of this
latter analysis, it was seen that the data from San
Francisco City and County per se has a major
effect upon the correlation that is not related to
population density. We are presently referring to
this effect as the "San Francisco phenomenon."
We are now attempting to describe this phenome-
non in more detail and to determine if it is inde-
pendent of asbestos dose.
If upon further study the relationship between
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asbestos concentration in drinking water and
cancer incidence appears to be independent of the
San Francisco phenomenon, more work will be
needed to better estimate if asbestos in drinking
water causes cancer in those exposed. A well-conceived case-control study would be the most
logical next step.
The views and policies presented by the author in this

commentary do not necessarily reflect those of the U.S. Envi-
ronmental Protection Agency. Mention of trade names or

commercial products does not constitute endorsement or rec-
ommendation for use.
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Human Cancer Risk from Ingested Asbestos:A Problem of Uncertainty
by William J. Nicholson*
Human Health Effects
Although studies of populations exposed to

high concentrations of asbestos fibers in drinking
water appear attractive as research opportunities
to define an asbestos-related risk, they are un-
likely to provide a definitive answer to the ques-
tion of whether asbestos in drinking water is
associated with an elevated risk of malignancy.
Consider, for example, a hypothetical 10-yr anal-
ysis of the deaths in a city of 1 million persons
whose water supply is contaminated with 100
million fibers per liter (f/L) (a gross overestimate
of any real situation). From the estimates in the
asbestos criteria document (I), ingestion of this
water over a 70-yr period would give rise to an
added risk of death 3.3 x 10~3 per person.

Tb estimate the number of asbestos-related
deaths in this population, using the above risk
data, assume that the average residence time of
those deceased in the contaminated area is 14 yrand that the distribution of residence times fol-
lows an exponential function, exp {#14}. This dis-
tribution will certainly overestimate residence
times compared with actual populations. Nearly
half the census tracts in the U.S. EPA-sponsored
San Francisco study, for example, showed more
than 53% of the residents moving within 5 yr (2).
Assume also that 7 yr is required for the risk of
asbestos malignancy to manifest itself, as is the
case for lung cancer. (See Fig. 1 for the expression
of the relative risk of lung cancer in insulators.)
This would appear to be so for gastrointestinal
cancer (Fig. 2), but will lead to significant overes-
timates of risk for peritoneal mesothelioma be-
cause most such tumors do not appear until after
30 yr or more from first exposure. Approximately

100,000 deaths would be available for analysis
over a 10-yr period from a population of 1 million
persons. Table 1 lists the excess malignancies
expected in this population from the above risk
for each period of residence. Those alive will also
carry a similar lifetime risk as they achieve the
same exposure circumstances.

TERRS FROM ONSET OF EXPOSURE
FIGURE 1. Relative risk of lung cancer due to asbestos in

insulators.
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YEflRS FROM ONSET OF EXPOSURE
FIGURE 2. Relative risk of gastrointestinal cancer due to

asbestos in insulators.
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lable 1. Estimated number of excess cancers in 100,000deceased individuals.

Yean
exposed

0-4
7-13

14-20
21-27
28-34
35-41
42-48
49-55
56-62
63-65
70 +

Numberexposed
(x 1000)

39.4
22.715.6
8.8
5.3
3.2
2.1
1.2
0.7
0.5
0.6

Lifetimerisk
(X 10-4)

0
1.6
4.9
7.2

10.5
14.8
18.1
21.4
24.7
28.0
35.0

Tbtal

Excess
deaths

0.0
3.67.66.3
5.6
4.7
3.8
2.6
1.7
1.4
2.1

39.5

To simplify the calculations, the excess lifetime
risk of the 900,000 alive will be attributed at the
time of their deaths and will occur over the ensu-
ing decades. As can be seen, the total additional
cancers to be expected in this group is about 40. A
cruder, but more direct, calculation is as follows:

[lO«] X [3.3 x 10- °
Populationexposed

70
Average lifetimerisk from 14 yrof exposure

] x [ g 94
Fraction oflifetime forobservation

The more detailed calculation takes better ac-
count of the population age distribution (less than
1% die annually, rather than 1770) and more
explicitly accounts for movement out of the area
and death elsewhere (within the framework of the
assumptions of the model).
If the distribution of excess malignancies paral-

lels that of the working groups on which the risk
estimates were made, 17 would be excess gastro-
intestinal tumors and 23 would be peritoneal
mesotheliomas. However, since the risk estimates
were based on mortality established by a review
of all pathological material, the number of perito-
neal mesotheliomas expected on death certifi-
cates would be no more than half a dozen. As can
be seen, the low yield of excess malignancies
expected in such a study would not achieve statis-
tical significance. The expected number of gastro-
intestinal cancers would be about 4,100 in this
population. Since the standard deviation of the
expected number is 64, a study as described would
show a statistically significant result only if the
risk of the fiber concentrations were 7.5 times
greater or if the population available for observa-
tion were 50 times greater. Thus, the upper limit
of risk that can be established by negative studies

will be much higher than the risk estimated inthe U.S. EPA criteria document (1).
The problem of confounding exposures is also of

consequence. The excess projected could be ac-
counted for by the excess mortality from a single
shipyard employing 20,000 individuals in the
study area (with no such facility in a control
area). It is a happenstance coincidence that areas
with high concentrations of asbestos in public
water supplies also were (and continue to be)
major shipbuilding areas. For example, the maxi-
mum shipyard employment in the combined San
Francisco Bay-Puget Sound areas during World
War O exceeded 300,000. Unless shipyard err
ployment is specifically considered, e.g., by careS-''
ful histories in a case-control analysis, positive
studies on ingested water cannot be accepted un-
critically.
Animal Studies and Carcinogenic
Mechanisms
There is strong evidence that asbestos acts as a

promoter for lung cancer in humans and probably
in the same way for gastrointestinal cancer as
well. In contrast, the fibers appear to act as initia-
tors in the production of mesothelioma. Thus, the
analysis of current animal studies should account
for these different modes of carcinogenic action.
In particular, species otherwise at low risk for
gastrointestinal cancer are unlikely to show a
significant asbestos effect if asbestos is acting as ?
promoter. The difference between humans an^^
animals is particularly evident in the history ot
asbestos lung cancer research. In 1935, it was
suggested that bronchogenic carcinoma was re-
lated to asbestos (3) and, in the forties, this was
shown to be so (4). However, this was not demon-
strated in animals until 1967. The synergistic
effect of cigarette smoke, which acts as an inhibi-
tor in humans, was not present in animal studies.

Control Strategies
The risk of asbestos cancer from ingestion can-

not be verified by population studies, and animal
experiments involve interspecies comparisons
that are uncertain. Nevertheless, human data,
albeit from a different exposure route, suggest
significant risk for fiber exposures approaching
100 million fibers/L. Standard flocculation and
sedimentation techniques can reduce asbestos
concentration by about 90%. Such techniques
should be adopted in areas with enormous fiber
concentrations, since their cost (amortized over
time) is relatively modest. Similarly, in aggres-
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sive water systems shown to leach asbestos from
asbestos-cement (AC) pipes, the water can be
chemically treated to reduce the erosion, and new
AC pipes can be coated to ensure safety from
erosion.
Consider a system having 100 million fibers/L.

In a population of 100,000 at exposure equilib-
rium,

100,000 x3.3 xlO
70

-3
4.7 deaths/yr

might occur annually. While the potential deaths
would, in general, occur out of the exposure area
due to population mobility, their number could
srtainly justify the necessary system costs.
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Relative Source Contributions of Diet and Airto Ingested Asbestos Exposure
by James N. Rowe*

Reliable assessments of the relative contribution* of diet (food, beverage*, and orallyadministered drugs) and air (Inhaled fiber*) to total ingested asbestos exposure are not«a»«tM« doe to the paucity of quantitative data on the subject. Instead, scenarios for both
modes of exposure were developed from the United information available to give erode^tttmTrt+f of ingestion of asbestos from these routes. They suggest that such sources arepotentially significant relative to the contribution of asbestos exposure derived fromdrinking water. Research recommendations are discussed.

The general public has become aware of thepotential gastrointestinal exposure to asbestosfibers from drinking water flowing through asbes-tos cement pipe or from fibers derived from natu-
ral sources of asbestos in rivers or reservoirs.However, most people are unaware that diet and
air may also contribute significantly to the in-gested asbestos exposure. The following is a dis-cussion of the potential relative source contribu-tions of diet, air and drinking water sources toingested asbestos exposure. Information gaps inthis area exist that preclude an accurate measureof the total ingested load of asbestos. The types ofstudies needed to fill these gaps are identified.
Asbestos in Dietary Materials
Only sparse data are available upon which onecan estimate with any assurance the magnitudeof asbestos exposure to the gastrointestinal tractfrom airborne and dietary sources, however, lim-ited information is available for some sourcesthat allow a crude measure of the ingested asbes-tos load to be calculated. Dietary materials thathave been reported to contain, or are likely tocontain, asbestos include foods such as vegetableoil, lard, mayonnaise, ketchup, meats (1-3) andbeverages such as beers, sherries, ports, ver-mouth and soft drinks (4-6). In processed orfiltered foods, the contamination is most likelydue to the filtration process during which asbes-

•Offiee of "toxic Substances CIS-796), U.S. Environmental Pro-tection Agency, 401M Street, SW, Washington, DC 20460.

tos fibers are released into the processed materi-als. Other direct or indirect sources of asbestifbrm
minerals in the food industry are in buildingmaterials, e.g., cement floor and ceiling tiles, pipecoverings and brake linings of transport vehicles(7). In addition, tremolite asbestos is found intalc-coated rice and chewing gum, as well as inoral drugs containing talc as an incipient in com-pressed tablets, as a dusting powder in capsules,and, less frequently, as a filler in the capsules (8).Contamination by asbestos is so common thatmany, if not most, foods may contain some asbes-tos contamination (P. McGrath, FDA, personalcommunication). Unfortunately, there is pres-ently no established program to examine exhaus-tively dietary materials for their asbestos con-tent.
Limited, but important, quantitative data onthe concentrations of asbestos in ingested sourcesare given in Table 1. In alcoholic and nonalcoholicbeverages, Cunningham and Pontefract (5) re-ported asbestos concentrations ranging from 1.1to 12L2 x 10* fibers/L as measured by the trans-mission electron microscope CTEM). The asbestoscontent of a sample of talc-coated rice destined forJapanese consumers was estimated by Merliss (1)to contain 3.7 x 10* fibers/g as measured throughthe light optical microscope (LOM). The asbestosconcentration in drugs, including three brands ofaspirin, has been determined by Nicholson (9) torange from 120 to 150 ng/g.Using this information, a scenario could beconstructed along the following lines: John Q.Public is an "average" individual who daily
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Table 1. Concentration of asbestos in dietary substances.*

Dietary substance
Beverages

BeerSherry
PortVermouth
Soft drinksTile-coated rice

Drugs (aspirin)

No. of observations

4typesatypes
Itype2types
4types
Not reported
3 brands

Concentration, fibers/L

1.1-6.6 x 10« (EM)
2-2.6 x 106 (EM)
2.1 x 108 (EM) .
1.8-11.7 x 10«(EM)
1.7-12.2 x 106 (EM)
3.7 x 106 fibers/g (LOM)
120-150 ng/g

•Extracted from Office of Tbzic Substances data (10).

Table 2. Dietary calculations.*
Material (portion) Calculation Fibers
1 beer (12 oz)
Rice (3 oz)

Aspirin (0.9 g)

Yearly ingested
doseWith talc

Without talc

(12 oz) (0.03 L/oz) x
[6.6 x 106 fibers/L (EM)]
(3 oz) (28 g/oz) [3.7 x 106 fibers/g (LOM)]
310.8 x 106 fibers (LOM) x 1000 EM fibers/LOM f»
310.8 x 106 fibers (LOM) x 25 EM fibers/LOM fiber1*
(0.9 g) (150 ng/g) [30 fibers (LOM)/ng]c x
1,000 EM PLOM f*

2.4 x 106 (EM)
310.8 x 106 (LOM)
310.8 x 109 (EM)
7.8 x 109 (EM)
4.05 x 106 (EM)
Total daily dose of fibers
or 7.8 x 109 (EM)

311 x 109

1.14 x 1014 or 2.85 x
2.35 x 109

1012

•Data of Winer and Cossett (11).
""Data of Lynch et al. (12).cU.S.EPAdataU3).

drinks one beer (0.36 L), eats a moderate helping
of Japanese-style rice (84 g), and takes three
aspirin (0.9 g) to thin his blood (or so he has
heard). Using the highest concentration of asbes-
tos reported for beer and aspirin and maximum or
minimum conversion factors for the number of
EM fibers/LOM fiber (Table 2), we discover that
John Q's potential yearly dietary consumption is
roughly equivalent to 1.4 x 10U fibers (maximum
conversion factor) or 2.85 x 1012 fibers (minimum
conversion factor) in a diet including talc-coated
rice. Without talc-coated rice, the yearly ingested
dose is 2.35 x 10s fibers (Table 2).

Airborne Asbestos
Estimation of the contribution of airborne as-

bestos to "secondarily" ingested (swallowed) as-
bestos exposure is complex. Airborne asbestos
enters the body mainly through the nose but also
through the mouth. Some fibers may move from
these portals of entry to the back of the throat and
be swallowed. Much of the inhaled asbestos
moves into the tracheobronchial tree to the lungs.
Material is cleared from these areas back up the
trachea and is then swallowed.
Ingestion of airborne contaminants is depen-

dent upon their patterns of deposition within the
nasopharyngeal area and respiratory tract and
the rates and pathways for their clearance from
the deposition sites to the gastrointestinal trg(14).
Generally speaking, inert, insoluble particles

deposited in the tracheobronchial area can be
cleared by the mucociliary escalator within 1 day
via the larynx (15). Material deposited in the
respiratory epithelium of the alveoli is cleared
through nonabsorptive and absorptive processes.
Phagocytosis of fibers (approximately 12 |xm
length or less) by macrophages provides a widely
accepted nonabsorptive clearance mechanism for
fibers. The phagocytic process is complete within
2 weeks of exposure (14,16). Presumably, macro-
phages transport asbestos fibers proximally up
the respiratory tract for subsequent swallowing
(14) and passage to the gut. Long asbestos fibers,
primarily those > 10 u.m length, will remain
permanently in the alveoli or penetrate the alveo-
lar wall (16).
Estimation of the load of asbestos to the gas-

trointestinal tract from inhaled fibers must take
into account the sites of deposition and their
related rates of clearance. The nasal sufaces, na-
sopharyngeal, oropharyngeal, tracheobronchial
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and alveolar regions constitute the major sites of
concern. Deposition refers to total fiber concen-
tration deposited in any region of the body follow-
ing inhalation. For the purposes of this discus-
sion, clearance refers to the processes that resultin eventual swallowing of the fibers; e.g., clear-
ance from the nasal mucosa and tracheobronchial
regions via mucociliary clearance.
Although no attempt has been made to define

accurately the quantitative relationships be-
tween inhalation of respirable asbestos fibers (of
various size categories) and their subsequent in-
gestion, there is information that allows for a
tentative estimate of ingested or inhaled asbes-
tos, which will be compared to previous quantita-

tive measures developed by other investigators
(17,18).

The current analysis relies upon studies per-
formed on non-asbestiform material, namely
spherical or amorphous inorganic and organic
particles. These studies are reviewed by Lipp-
nmrm et al. (14). In addition, some data are avail-
able on asbestos and man-made fibers (19,20).
Exposure scenarios will be considered for two

fiber size distributions, i.e., "small" environmen-
tal and "large" occupational fibers. Nicholson (21)
has reported that asbestos fibers in ambient air
tend to be very small, with some fibers up to
about a micron or so in length, but most are
individual fibrils with lengths as short as 0.1 |xm
and diameters of 0.02-0.05 (jum. Although more
recently Nicholson has indicated that asbestos
fiber sizes from environmental exposure are more
equivalent to those from occupational exposures

based on monitoring practices in Germany, for
the purposes of this discussion we will assume
that environmental fiber samples are "small."The small asbestos particles will be considered
as equivalent to more conventional aerosol mate-
rials at aerodynamic or linear diameters of 1 urn
or less. This particle size range will be deposited
primarily in the alveolar region (14), with a total
deposition of approximately 20% of the inhaled
aerosol. The rate of clearance can be estimated
from the work of Morgan and Holmes (20), who
reported that short glass fibers (5 jim length x
1.5 pun diameter) were 80% cleared from rat
lungs by 1 yr after deposition.

For the purposes of this paper, it will be as-
sumed that 20% of inhaled asbestos in the am-
bient air will be deposited and 80% of the depos-
ited asbestos will be cleared. The "average"
person is assumed to work for 8 hr/day in this
setting and then rests for 16 hr (see Table 3).
In an occupational setting, "large" asbestos fi-

ber lengths are likely to be encountered that have
wider diameters than are seen with the "small"
environmental exposure fibers. Morgan and
Holmes (20) have studied the deposition and
clearance of glass fibers in rats (1.5 \an diameter
x 10 and 60 \an length). They found evidence
suggesting 100% deposition of these fibers in the
lungs. For UICC chrysotile A and B, crocidolite,
amosite, and anthophyllite, which generally have
much finer average fiber diameters than glass
fibers, the authors reported a 50% deposition rate.
The 10 p.m glass fibers were cleared to the extent
of70%atlyr.

liable 3. Estimated ingested dose following ambient airborne exposure.
Airborne concentration Yearly ingested dose (EM fibers)

Office of Toxic Substances estimate*
Ambient air near Union Carbide Mill

and Waste Pile (King City, CA)
Ambient air near Johns-Manville
mill and waste dump
(Coalinga, CA, 1973)

Office of Water Regulations and Standards estimates'"
Range of 24-hr chrysotile asbestos
in ambient air of US. cities

Ambient air in schoolHome of asbestos workers
(maximum value)

99.8 x 108 fibers/m3
1.03 x 108fibers/m3
593 x 10« fibers/m3

100 ng/m3 (high value)
1 ng/m3 (low value)

2,000 ng/m3
5,000 ng/m3

1.17 x 10" fibers'
1.20 x 109 fibers0

6.93 x 10" fibers'

1.1 x 1010 fibers'1
1.1 x 108 fibers'1

2.19 x 10" fibers'1
5.48 x 10" fibers'1

*Source of exposure and selected concentrations derived from OTS data (10).
*U.S. EPA data (18).
Nearly dose calculation: (concentration in air) x (20m3airinhaled/L-day) x (365 days/yr) x (20% deposition) x (80% clearance to

gastrointestinal tract). It is assumed that the average person performs 8 hr moderate exercise/day and 16 hr/day at rest in the
ambient environment. Daily inhalation volume = [(1450 cc/breath x 8hr) + (800 cc/breath x 16 hr)] x ISbreath/min x 60min/hr
x n>3/106 ccj - 20m3/d.
^Yearly dose calculation: (concentration in air) x (EM fibers/ng: See Table 2) x 10 m3 air inhaled/day) x (365 days/yr) x (100%

deposition and clearance).
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In this paper it will be assumed that occupa-tional exposure to "large" asbestos fibers will oc-cur with a 50% deposition efficiency in the res-
piratory tract and 70% clearance. Occupationalexposures are calculated for the work environ-
ment only; general ambient exposures outside of
the workplace are not included (see Table 4).

Asbestos in Drinking Water
The mean asbestos concentrations (TEM) from

a large number of drinking water sources in the
United States have been reported by Millette et
al. (23) to range from below detectable limits
(BDL) to over 1 billion fibers/L. Most asbestos
concentrations were BDL or not statistically sig-
nificant (NSS). Only 11% were greater than 10 x
10" f/L. (Note: BDL refers to any result lower than
the detectable limit that would be determined if
one fiber were counted, using electron microscopy,
and the appropriate calculations were made; NSS
refers to fiber counts under 5 fibers that give
upper and lower confidence limits of ±100%.)
Several different analyses of waterborne asbestoshave been made and are developed in Table 5.

Relative Sources of IngestedAsbestos
It is widely recognized that asbestos in drink-

ing water may contribute a significant load of the
material to the gastrointestinal tract. Using the
estimates from the present analysis as well as
those developed by other authors, one can see thatthe annual doses of ingested asbestos for drinking
water in the United States could potentially
range from 9 x 105 to 4 x 10" fibers. The surpris-
ing finding from preliminary data for dietary and
airborne sources indicates that these sources also
may pose a significant dose of asbestos to tb
gastrointestinal tract. It would seem that aî
borne exposures may deliver from 1.2 x 109 to 9
x 1012 asbestos fibers to the gut, while dietary
sources may give 2.4 x 109 to 1.4 x 101* asbestos
fibers yearly. In fact, a comparison of the relative
contributions from the various routes of exposure
indicates that diet is highest, air is second, and
water is the lowest.
It is recognized that these estimates are exceed-

ingly tentative, but they help to point out that
sources other than drinking water may deliver

Table 4. Estimated ingested dose following occupational airborne exposures.
Airborne concentration Yearly ingested dose (EM fibers)*

Office of Toxic Substances estimate1*Fiber release from tearing, 262 x
crumpling, and cutting asbestospaperOffice of Water Regulations and Standards estimates0Occupational 100,000 ng/m3

American Water Works estimates'1
Chrysotile miners and 20 mppcfmillers fmaTiimrm value)
Asbestos production and 2.5 mppcf
maintonnnr* workers (minimum value)

Chrysotile miners and millers 0.25 mppcf
(minimum value)

2.30 x 101 if

8.76 x 1012 f
7.56 x 10" f
1.89 x 10U f
9.45 x 10» f

•Yearly dose estimates, OTS: (concentration in air) x (10 m.3 air inhaled/day) x (250days/yr) x (50% deposition) x (70% clearanceto gastrointestinal tract). It is assumed that the average person performs 8 hr moderate exercise/day during work. No exposure isassumed during leisure hours. Daily inhalation volume = (1450cc/breath x 8hr) x ISbreath/min x 60min/hr x m3/10<cc - lOm.3/
day.Yearly dose estimate, OWRS: (concentration in air) x <EM fiber/ng: See Table 2) x (8 ro.3 air inhaled/day) x (365day/yr) x (100%
deposition and clearance).

Yearly dose estimate, AWWA, for miners and millers: [Concentration (mppcf)] x [2 fiber/cc (LOMV1 mppcf) x [25 EMfibeivlLOM
fiber] x [volume inhaled = 103cc/Lx 16L/min x 420min/day x Sdays/wk x 50wk/yr] x [deposition/clearance: 45% (f = 0.5 x 5
lim/EM fiber)].

McDonald (22) estimates mppcf = 2 f/cc (LOM); Lynch (12125 EM fibers/LOM fiber, 1LOM fiber - 1 x 20 urn, 1 EM fiber = 0.5 x 5
lim; 25 EM fiber per LOM fiber, 1 LOM fiber = approximately 0.000040178 jig; 1 EM fiber - 0.000002645 tig.

Yearly dose estimates, AWWA, for asbestos production and maintenance workers: Same calculations as for miners and millers
except 4 fibers/cc (LOMVL mppcf is used based on Lynch's studies (12)."GITS data (10).

•US. EPA data (18).dAmerican Water Works Assoc. data (17).
"mppcf = million particles per fta/per year.
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Table 5. Estimated ingested dose from drinking water.

Concentration in water Yearly ingested dose (EM fibers)*

547 x 10« fibers/L
130 x 10« fibers/L

Office of Toxic Substances estimate*
Asbestos-contaminated water
(Bishopville, SC)

Natural contamination: geological
source (San Francisco, CA)

Groundwater (ambient) 3.2 x 10s fibers/L
Office of Water Regulations and Standards estimates'1
Survey of drinking water 100 x 106 fibers/L (high

value)
1 x 105 fibers/L (low
measured value)

American Water Works estimates (municipal water systems)0
Memphis District System 1.70 \ig/L
Providence District System 0.27 jig/L
Saginaw Source 0.0032 (ig/L

3.99 x 10"
9.49 x 10»o
2.34 x 108

7.3 x 1010
7.3 x 107
4.69 x 108
7.45 x 107
8.83 x 10S

a>b-cSee Table 4 for sources of exposure and selected concentrations.
''Yearly dose estimates, OTS. OWES: (concentration in water) x 2 L/day) x (365 days/yr).
Yearly dose estimates, AWWA: (concentration in water ng/gal x gal/L) x (2 L/day) x (EM fibers/jig: see Table 4) x (365 days/yr).

significant amounts of asbestos to the gastrointes-
tinal tract. To the extent that these exposures to
the gut may pose health hazards, there may be
great reason for trying to define more accurately
the contributions of each.
Information Gaps: Dietary
Sources
Methods to isolate asbestos from a variety of

foods and beverages have been developed (3, 24)
utilizing SEM and energy dispersive spectroscopy
(EOS) analysis. Although these methods appear
"o provide practical, workable protocols for the
-potential diagnostic and/or regulatory applica-
tion, it must be recognized that each food cate-gory may present a new set of analytical difficul-
ties that must be resolved. Nevertheless, such
methods could be used to examine rigorously the
various categories of foods, beverages, or orally
administered drugs within the appropriate indus-
tries. It is only then that an accurate, quantita-
tive assessment of dietary sources of asbestos can
be determined. Estimates of the exposed subpopu-
lation of humans to these materials should also be
determined.
Information Gaps: Airborne
Sources

The contribution of asbestos to the ingestion
exposure from inhalation of airborne fibers has
not been critically examined. Experimental and
theoretical evaluation of this area would allow
accurate dose determinations. Such information
could also be applied to any fiber type, both min-

eral and synthetic, in environmental settings
ranging from the occupational to ambient levels.
Evaluation requires exposure of animals to a
number of fiber size ranges and types with short-
and long-term follow-up of the subsequent deposi-
tion, retention, and clearance of these fibers. Con-
sideration of the anatomic difference in various
species of animals versus humans must also be
considered.
Finally, it might be useful to have geographic

site-specific data on both ambient water and air
concentrations in order to make an accurate com-
parison of the relative contribution of each source
to ingested asbestos exposure.
The author thanks Dr. Richard Hill for his excellent edito-

rial contributions. Special acknowledgement is given to Miss
Deanna Kay Dove for her clerical assistance.
The research described in this paper has been peer and

administratively reviewed by the U.S. Environmental Protec-
tion Agency and approved for presentation and publication.
Mention of trade names or commercial products does not
constitute endorsement or recommendation for use.
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Review of Published Studies on GutPenetration by Ingested Asbestos Fibers
by Philip M. Cook*
, During the 1970s, potential health risks associated with exposure to asbestos in drink-

^ big water became a national concern. One of the key questions that arose from debate
over whether ingestion of mineral fibers could result in increased gastrointestinal cancer
risk was whether fibers can penetrate the gastrointestinal mucosa and thus have somechance of residing in tissue. It is likely that such movement of a large number of fibers is anecessary precursor for carcinogenesis following ingestion of asbestos. Studies of thepotential for fiber accumulation in tissues and body fluids following introduction ofasbestos to the alimentary canal have provided seemingly contradictory observations.
This review, which places particular emphasis on the impact of experimental and
analytical limitations on the evidential strengths of each study, indicates the likelihood
that a very small fraction of ingested microscopic asbestos fibers penetrates the gastroin-
testinal mucosa. A reliable estimate of the magnitude of long-term fiber retention in
tissues as a consequence of chronic human ingestion of asbestos cannot be made at this
time.

During the 1970s, potential health risks asso-
ciated with exposure to mineral fibers in drinking
water became a national concern. This concern
developed primarily because of reports of some
drinking water fiber concentrations in the range
f 10«-10» fibers/L (1) and published observations

"of increased risk of gastrointestinal and perito-
neal cancer among asbestos workers (2). Inhala-
tion of asbestos dust is accompanied by ingestion
of many fibers cleared from the respiratory tract
by mucociliary action. Thus a key question in the
evaluation of cancer risks associated with the
ingestion of asbestos involves the extent to which
microscopic fibers, under normal alimentary ca-
nal conditions, can migrate through the gastroin-
testinal mucosa. Such movement of fibers could
enable their residence in the bowel wall or, fol-
lowing hematogenous or lymphatic transport, the
peritoneum and tissues at other sites. It is likely
that such a movement of a large number of fibers
is a necessary precursor for carcinogensis follow-
ing ingestion of asbestos.
This paper will evaluate the published evidence

'Environmental Research Laboratory-Ouluth, U.S. Environ-
mental Protection Agency, 6201 Congdon Boulevard, MN
55804.

for and against gut penetration and tissue accu-
mulation of ingested mineral fibers. Particular
attention will be paid to the influences of analyti-
cal techniques employed, fiber properties, and
physiological factors on the capability of each
investigation to provide useful information about
fiber penetration. Most of the work on this ques-
tion involves microscopic examination of tissues
or body fluids for the presence of fibers as a
consequence of a known ingestion exposure.
Many of these exposures involve controlled la-
boratory tests with rodents, but a number of
human environmental exposures have also been
investigated.

Gut Penetration by Durable
Particles Other Than Mineral or
Synthetic Fibers
Studies involving ingestion of particles other

than asbestos, mineral, or synthetic fibers provide
some background information generally in sup-
port of the movement of a variety of durable
particles through the gastrointestinal mucosa as
at least an occasional event. Evidence for human
intestinal uptake of particles as large as 75 \JUD. is
provided by the observation of starch granules in



122 P. M. COOK

blood minutes after ingestion (3). Volkheimer re-
ported that sleep, smoking, and caffeine increase
the number of starch particles in the blood. Dyedcellulose particles were also identified in human
blood and urine following ingestion of specially
stained food (4). The cellulose fibers were found in
urine several weeks after ingestion.

Various sizes of latex spheres have been stud-ied. Latex particles of 0.22 ̂ ao. diameter were
reported to migrate from rat stomachs to lym-
phatics of the gastrointestinal mucosa and also toliver and kidney tissues (5). Mice that drank
water suspensions of 2-|xm diameter latex spheres
for 2 months were found to have latex particles in
macrophages in intestinal Fever's patches (6*).
LeFevre et al. (7) later reported that mice that
ingested 5.1-(xm latex spheres had demonstrable
accumulations of the particles in intestinal Pay-er's patches, lungs, and mesenteric lymph nodes.
The frequency of penetration was very small, and
evidence for intestinal uptake of very large 15.8-
tim latex spheres was not found. Although the
difference in size may explain the absence of 15.8-jtm sphere in tissues, a 50-fold lower number of
large particles ingested appears to have created a
corresponding loss of sensitivity for detection of
the large particles by optical microscopy.

LeFevre et al. (7) did not find evidence for
passage of large latex spheres from the intestinallumen to the portal and peripheral blood as re-ported for larger starch granules by Volkheimer
(3). The finding of some particles in mesenteric
lymph nodes with a relative absence in the liver
was offered as evidence for the restriction of
transported particles to the lymphatic system.Most particles that penetrate the Foyer's patch
epithelium are sequestered in macrophages and
may be transported back into the intestinal lu-
men without further transport into the body (7).
Penetration of mouse intestine by 20- to 50-nm

diameter carbon particles occurs almost exclu-
sively through the epithelium covering Fever's
patches (8). India ink and ferritin microparticles
are rapidly transported from the intestinal lumen
by means of pinocytosis observed by electron mi-croscopy of mouse Payer's patch epithelial cells
(9). Horseradish peroxidase uptake has been simi-
larly described (10). Carbon particles from a 0.5%
India ink suspension (20-25 run diameter) were
observed to pass almost exclusively through the
posterior intestine of the Amazon molly, Poecilia
formosa (11). Foyer's patches are apparently ab-
sent from the intestine of lower vertebrates. In-
traperitoneal injection resulted in carbon particle
accumulation in the heart, mesentery, and espe-
cially the head kidney of the fish.

A final observation of apparent passage of rela-
tively large particles through the intestinal mu-
cosa is provided by the presence of opal-phytoliths
in digests of lymph nodes (12), and kidneys (13) of
sheep that are thought to ingest up to 20 g of such
particles with a daily intake of plant material.

As with many studies of ingested asbestos fi-
bers, insufficient information is available con-
cerning numbers of particles in nonasbestos expo-
sures and particle detection limits achieved for
the tissue preparation and microscope procedures
employed to allow a comparison of the observa-
tions summarized above. In some regards, at-
tempts to determine if ingested asbestos fiber"
penetrate the gastrointestinal mucosa provide >^gl,better test of durable particulate behavior in gen-
eral. Fiber exposures can provide large numbers
of particles available for penetration and the dis-tinctive shapes and elemental compositions of
mineral fibers allow better positive identification
of the particles in the tissue milieu. On the other
hand, the small size of most mineral fibers re-
quires electron microscopic observation of tissues
and consequent restrictions on the volume of tis-
sue capable of being searched for fibers.
Experimental Factors to Considerin Evaluating Studies of FiberPenetration of Tissues
Examination of tissues or body fluids with opti-

cal or electron microscopic techniques for identifi
cation of mineral fibers can be accomplishes^^,
either by examination of thin tissue sections or
bulk sample residues prepared by removal of car-
bonaceous and soluble material to concentrate
inorganic particles. Thin-section examination
provides information about the location of parti-
cle contaminants with respect to cells but is very
insensitive for finding microscopic particles be-
cause of the very small volume of tissue present
in a microscope field of view. A multitude of
biological, analytical, mineralogical, and kinetic
factors must be considered in order to evaluate
the significance of a particular finding of the
presence or absence of fibers in a sample.
Exposure
Important characteristics of the exposure dose

include the size and number of fibers available for
penetration of the gastrointestinal mucosa. Use of
very large fibers or preparations in which fibersoccur in large bundles or clumps for animal expo-
sures may provide few particles capable of pene-
tration. The ability to detect the passage of in-
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gested fibers to tissues or body fluids is increased
by the ease with which the fibers can be identified
microscopically. Durable, easily identified fibers,
which are unlikely to be present through contam-ination of the samples or as a result of another
exposure route (inhalation), are especially good
tracers for ingested particle studies.

Asbestos and other mineral fibers possess suffi-
cient durability to pass through the acid condi-
tions of the stomach and penetrate the intestinal
wall without extensive dissolution. Recent, workdemonstrates, however, that mineral fibers do
differ considerably in their long-term resistance
to dissolution while residing in the lungs or in
acid solutions (14). Alteration of fiber sizes and
/shapes and splitting of some fibers to increase the
number of fibers in tissue can occur during the
dissolution process (14). Thus it is possible that
the dissolution of less durable fibers following
penetration of the gut may remove them prior to
examination of tissues, whereas other types offibers may undergo little change or be altered to
create many thinner fibers. Phagocytosis, trans-port, and clearance of fibers are thought to be
dependent on fiber size with smaller fibers more
mobile. Thus, as these time-dependent processes
take place, the number and sizes of fibers at any
particular tissue site are likely to be changing.
The time from last exposure, the number of parti-
cles, and the characteristics of the particles can
therefore strongly influence the probability that
detectable numbers of fibers will reside in tissue
as a result of gut penetration.
j

Biological Factors
Since so little is known about mechanisms for

passage through the gastrointestinal mucosa and
subsequent movement of microscopic particles,
physiological factors that may influence penetra-
tion are unknown. The time over which exposure
takes place; the impact of massive fiber doses
such as used in some animal ingestion studies;
the nature of foods or fluids ingested with the
fibers; the species of animal exposed and the rela-
tive permeability of its gastrointestinal mucosa;
the role of mucosal tissue abnormalities; the age,
sex, health, and other characteristics of individ-
ual exposed animals; dietary or environmental
influences on the motility of the gut; and other
factors may determine whether fibers are found
when tissues from exposed animals are examined.

The selection of tissues or fluids for microscopic
analysis is complicated by a number of consider-
ations. The choice of any particular organ or site
for analysis ultimately involves guesswork about

where particles would travel after passing
through the gastrointestinal mucosa, how long
they would take to get there, how long they would
reside there, and whether they would concentrate
selectively in certain components of the organ.
The sampling of portions of organs or body fluids
is always coupled with the question of how repre-
sentative the sample is of the whole. Sample
selection must also consider the probability that
the finding of a particular kind of fiber in the
organ can be associated with a particular route of
exposure such as ingestion rather than inhala-
tion.

Analytical Factors
Electron microscopic methods for quantitative

assessment of fiber concentrations in air and wa-
ter have in recent years been successfully adapted
to allow determinations of fiber concentrations in
tissues and biological fluids. Analytical limita-
tions present for air and water samples (15) are
generally more severe for tissue analysis, partic-
ularly when trace concentrations must be mea-
sured (16). The primary concerns for tissue analy-
sis are analytical sensitivity, accuracy, and
prevention of sample contamination.
Sample characteristics, choice of sample prepa-

ration method, and choice of microscope type and
conditions all determine the sensitivity of the
analysis. Tissues from different organs vary
greatly in their reaction to procedures for isolat-
ing inorganic particles from the organic matrix,
so that the particles can be concentrated into
smaller areas for microscope observation. Exami-
nation of thin sections frequently is incapable ofdetecting fiber concentrations likely to be present
except in the case of lung tissue following high
inhalation exposure. Electron microscopy is re-
quired to detect most asbestos fibers that gener-
ally have diameters less than 0.5 \an when
present in tissues. Sensitivity is maximized
through digestion and/or low-temperature ashing
of large tissue volumes to produce concentrated
residues that are examined by transmission elec-
tron microscopy (TEM). Scanning electron mi-
croscopy (SEM), although capable of sufficiently
high magnification, produces images of sample
surface features that are more difficult to search
for individual asbestos fibers than TEM images.
Evaluation of reports of tissue analyses for

fiber concentrations is impossible without knowl-edge of the detection limit achieved for each anal-
ysis. The detection limit is generally expressed as
the concentration of fibers equal to the finding of
one fiber in the portion of the sample examined.
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Reported concentrations must exceed the detec-
tion limit by a factor of at least three or four
before any degree of statistical significance isachieved.

The presence of the fibers in blank or control
samples as a result of contamination obviouslyraises the number of fibers that must be observedin order to conclude that the fibers actually accu-
mulated in the tissue. Conclusions made regard-
ing the absence of fibers in tissue are weakenedwhen presented without a demonstration of capa-
bility to count the fibers in positive control or
spiked samples. When the percentage of recovery
is found to be low, it should be used to estimate a
more realistic detection limit for the analysis.

Some sample preparation techniques can pro-
duce large systematic losses of fibers. Other tech-
niques can increase the number of fibers by fiber
comminution. Chrysotile asbestos fiber concen-
trations are the most difficult to estimate because,
in addition to difficulty in identification due toextremely thin diameters and the ease of intro-
duction as contamination, these fibers are readily
reduced to individual fibrils by surfactants, ultra-
sound, and other factors associated with sample
preparation. Analytical precision is enhanced
when sample preparations observed on the micro-
scope contain a uniform distribution of particles.TEM grids produced by the carbon-coated Nucle-
pore filter method (16) are favored by many ana-
lysts for achieving uniform particle distributions
in which the number of particles observed in
replicate preparations by different laboratories is
in reasonable agreement (17).

Evidence for and against Fiber
Penetration
Several studies of tissues from subjects with

occupational exposure to asbestos have resulted
in reports of fibers in extrapulmonary tissues and
fluids. Wyss (18) reported fibers observable by
optical microscope in urine samples from asbestos
workers. Langer (19) reported concentrations ofasbestos bodies and uncoated fibers in the orderlungs » kidneys > pancreas > liver for asbestos
workmen. Whether fibers arrived at these extra-
pulmonary sites via lung clearance and ingestion
or via migration from the lungs and dissemina-
tion throughout the body cannot be determined.
The dissemination of fibers throughout the

body has been demonstrated for fibers when intro-
duced by injection into the blood (20) or subcuta-
neously (21). Occasional passage of fibers through
membranes is suggested by the apparent cross-
placental transfer of fibers to fetuses in pregnant

rats injected through the femoral vein with chrys-
otile asbestos (23). SEM examination of tissues
from mice injected intraperitoneally with amo-site, crocidolite, or chrysotile asbestos demon-strated the penetration of the mesothelium by the
fibers (23). Amphibole fibers have also been ob-
served to migrate from the pleura! cavity to theinterior of the lungs and the kidneys (P. M. Cook,
unpublished data).

More than 30 reports of examinations of tissues
from animals and human subjects exposed to as-
bestos through ingestion (without inhalation ex-
posure) were reviewed. Exclusion of multiple re-
ports of the same observations reduced tb
number of reports to 19. Rather than discuss th*^
experimental details and results reported for
each study separately, Table 1 is provided as a
summary and comparison of all 19 studies. Much
of the information in Table 1 is presented to allow
the reader some idea of how each study meets
some of the criteria set forth in this review forevaluating studies of fiber penetration of tissues.
Each reference should be consulted for a more
detailed evaluation of its experimental design,
data quality, and evidence for or against fiber
penetration of the gastrointestinal mucosa. In
many cases, incomplete information is availablein these reports for defining analytical sensitiv-ity, significance of sample contamination, fiber
recovery efficiency of the sample preparation pro-
cedures, etc. The reduction of complex experimen-
tal design and results information to a few words
that will fit in the table also requires that on}'
the most generally correct characterizations cab-*'
be present. For example, the microscope tech-
nique is listed as SEM where that technique was
the primary method for determining fiber concen-
trations even though some tissue may have beenqualitatively examined by TEM. Other relevant
information, such as length of time from exposure
to tissue collection, is not presented in the table.

Most of the headings in Table 1 are self-explan-
atory. The plus or minus symbols for "evidence
for/against" indicate each author's conclusions
with regard to whether the data reported sup-
ports fiber penetration. The fiber dose characteri-
zation ideally would provide the total number of
fibers passing through the digestive tract. Many
studies only report the mass of asbestos or per-
cent of the diet. The duration of exposure varies,
as shown in Table 1. In many cases, tissues were
analyzed from animals at different time intervals
following exposure. The variety of tissues ana-
lyzed in some cases is quite large. Positive or
negative results for each type of tissue are indi-
cated primarily on the basis of each author's
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Table I. Summary of evidence for and against Aber penetration of the gastrointestinal nucoea.

Evi-
dence No.
for/ exam- Fiber

again*! Ref Year Specie* ined type

t 133 1 1979 Baboon 1 Chryso-
tile

l 1341 latJO Human 53< Amphi-
bole

Chryno-
tile

t IJ5J 1980 Rat 5 Chryao-
tile

S Croci-
dolite

IS Chryso-
tile

8 Chry no-
tile

2 Control

t <36> 1980 Rat 10 Chryso-
tile

10 Cellu-
lose

6 Control
+ 137 > 1980 Baboon 1 Chryao-

Newborn tile
1 Control

+ 138) 1981 Human 34 Chryao-
tile

t 1391 1981 Human 1 Altapul-
gite

HOI 1981 Baboon 1 Chryso-
tile t

Crocido-
lite

1 Control

Fiber dose
Characeri-
lalion

U1CC, 120 kg
Pregavage

ion fibers/L.
in water

None in
water

UICC.
I0> l fiber*

UICC
- 10"* liber*

NIKIIS
101 1-IOU fiber*

NIEIIS
lOio- 101 'fiber*

No fiber*

UICC, 104 diet
Cellulose
fiber*

No fiber*

UICC.
3 x ion fiber*

No fiber*

None in
drinking
water

& g/day

NIEIIS.
800 mg

NIEIIS,
800 mg

No fiber*

Expo-
sure
dura-
tion

4 day*,
gavage

Variable
by
subject

Single
gavage

Single
gavage

Diet
< 1- 12 day*

Diet
< 1-12 days

2yr

9 day
period

Unknown

Drug. 6 mot

Gavage,
8 time*

*

Tissue*
analyzed

Urine 1 1 1

Liver 1 t 1
l.ungt 1 1
Jejunum 1 1 1

l.ymph
Fluid 1 i 1

Lymph
fluid 1 « 1

Lymph
fluid ( 4 1

Lymph
fluid 1 4 I

Lymph
fluid 1 1 I

Colon I -f I
Colon I - 1
Colon I - I

Kidney
cortex ( + 1

Lymph
node* I + I

Spleen I + I
Colon I + 1
Esopha-
gus ( t )

Kidney
medula I * I

Other
sites 1 - 1

Urine 1 1 M

Urine 1 * 1

Urine 1 - 1
Blood l - >
Tissues 1 - l

Micro-
Tissue scope

preparation tech-
melhod>> mque

Bulk. fill. LTA, TEM
fill, LTA.
drop

Bulk. KOH. TEM
centr. IITA.
drop

Bulk, TEM
digestion,
fill.
c-coal. wick

Thin. 20 urn, TEM
HTA

Bulk,
LTA, Alt.
LTA. drop

"

Bulk, fill, LTA, TEM
nit, c-coat.
wick

Bulk, TEM
undefined

Bulk, fill. LTA. TEM
acetone,
drop

Bulk, KOH,
fill.
LTA.
acetone.
drop

Positive/
Detection negative
limit control

reported samples

S x 102 No/yes
fibers/ml

30 fibera/mg Yes/yes

Incomplete No/ye*

No No/yea

~ 80 fibers/mg No/ye*

- 10 fibers/mL No/yes

No No/ye*
-4 x 102 f/ml Yea/yes
-4 x 10< f/ml

200f/mg

s;
I



Table I. Summary of eviideV or and against fiber penetration or the gastrolntesllna
Evi-
dence
for/

against Kef. Year Species

+ 1411 1981 Fish

1421 1982 Rat

No
exam-
ined

2
1
2

13
12
13

Fiber
type

Amphi-
bole

Amphi-
bole

Chryso-
tile

Chryso-
tile

A motile
Crocido-
lite

Fiber dose
Characeri-
lation

ca 10>
fibers/L

ca 10*
fibers/L

Unknown

UICC,
250 ing/week

Expo-
sure
dura-
tion

Lifetime,
water and
possibly diet

>20 mos.

Tissues
analyzed

Kidney 1 + K
Liver 1 + 1
Muscle I + 1

9 sites 1 - K

Tissue
preparation
method t>

Bulk, LTA. fill.
c-coat, wick

Bulk. LTA.
acid, fill

Micro-
scope
tech-
nique

TEM

SEM

Detection
limit

reported

1 -tor/rag

Incomplete

Positive/
negative
control
samples

No/yes

No/no

0cs
^Preparation method steps: thin « removal of a thin tissue section for examination; bulk = processing a large volume of tissue to isolate and concentrate the inorganic particles; HTA - high

temperature ashing; LTA =• low temperature ashing; KOH, bleach, Soluene - chemicals used for digestion of tistue to remove organic matrix; acid = use of jilute acid to dissolve the nonsilicate portion
oftheaah;centr - cenlrifugation to isolate particles from suspension; fill * membrane filtration to remove particles from suspension usually prior to TEM grid preparation; c-coat. wkk - preparation
of a TEM grid by dissolving a piece ofcarbon-coated membrane filter by solvent wicking action to leave the particles embedded in the carbon film suspended on the grid; drop - preparation of TEM grid
by evaporation of a small drop of a particle suspension on a carbon-coated TEM grid.

(Samples were pooled as an exposure group 132 subjects exposed to amphibote fibers in drinking water) and a control group (no amphibole fibers in drinking water).
'Number of fibers in urine exceeded number in blank for each urine sample.
•Amphibole concentrations in replicate preparations of tissues were found to fit a dose-response relationship with concentrations greatest in kidney and very low in muscle tissue.
Some fibers were found in tissues (no comparison to blank samples) but concluded to be insignificant on the basis of a lack of preferential retention in any specific tissue, particularly the meaenteric

lymphatic tissues. The authors also indicated difficulty in identifying fine fibers « 0.1 |im diameter) with the SEM.
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conclusions. Question marks are entered where a
reasonable uncertainty exists as to whether fibers
identified in the tissue are from sample contami-
nation or actually resided in the tissue.
The complexities of tissue sample preparationmethods are difficult to condense into a short

table entry. In Table 1 they are first categorized
as "thin" (microtomed tissue section) or "bulk"
(large tissue volumes processed to remove the
organic matrix and concentrate inorganic parti-
cles). Thin-section analyses are invariably too
insensitive to allow the observation of trace con-
centrations of fibers widely disseminated in tis-
sues. For bulk preparations, a few key words have
been added to provide some definition of each
bulk preparation technique used. This provides
some information concerning the quality of sam-
ple preparations, chances for contamination, and
uniformity of sample distribution on TEM grids.
These key words are provided in the order of the
basic steps used for sample preparation. A gen-
eral sequence involves a digestion and/or ashing
(high or low temperature), a concentration of the
residue suspended in water by centrifugation or
filtration, and the preparation of TEM grids by
direct transfer of sample from a filter or applica-
tion of a drop Of suspension to the surface of a
carbon-coated grid.

The absence of a clear definition of detection
limit, as indicated in Table 1 for many studies,
makes the reports of negative tissue analyses
difficult to evaluate. Since there can be no demon-
stration of zero fiber concentrations in tissues, the
detection limit, often reported as a "less than"
value for each sample, is essential for determin-
ing if any particular exposure has resulted in
significant accumulations of fibers in the animal.
Similarly, the absence of blank tissue control
samples makes reports of positive tissue fiber
concentrations difficult to accept because of the
possibility of fiber contamination. Since it is pos-
sible during some sample preparation procedures
to systematically lose large numbers of fibers or
to fail to detect the fibers during microscope ex-
amination of the sample, positive tissue control
samples (samples with a known trace concentra-
tion) are important for demonstrating that fibers,
if present in tissues, can be detected quantita-
tively. Consequently, negative fiber presence
studies in which this capability is not demon-
strated have limited authority.

Conclusions
It is difficult to conclude on the basis of the

studies summarized in Table 1 that asbestos fi-

bers do not cross the intestinal barrier. The possi-
bility of such passage does not depend on the
viability of Volkheimer's "persorption" mecha-
nism (3). Most asbestos fibers typically are much
smaller than starch granules and closer in length
to the 2-p.m (6) and 5.7-n-m (7) diameter latex
spheres observed by LeFevre et al. to penetrate
intestinal Peyer's patches. The widths of manyasbestos fibers are actually similar to the 0.02- to
0.05-njn diameters of carbon particles observed to
penetrate the epithelium covering Peyer's
patches (8).
Since it is not possible to design an experiment

that demonstrates that no asbestos fibers are rer
tained in tissues following ingestion, we
determine the presence or absence of fibers at a
level of detection determined by the analytical
considerations discussed earlier. Studies summa-
rized in Table 1 that report the presence of fibers
in tissue or fluids generally also report the lowest
detection limits, and most offer evidence of negli-
gible fiber contamination as a source of false-
positive results. The studies that report negative
results are fewer in number and either do not
define the analytical detection limit, provide in-
complete information, or report a less sensitive
analysis than studies reporting positive results
for similar experiments.
In addition to consideration of detection limits,

which are a pure reflection of the amount of tissue
examined, the efficiency of the microscopic tech-
nique for detecting individual fibers present in
the sample preparation may indicate a further
decrease in sensitivity. TEM examination
persed particulates is most efficient and allows
electron diffraction and energy dispersive X-ray
spectral identification of each fiber. One study
(42) used SEM to detect fibers in bulk tissue
preparations but observed: "However the working
resolution of this instrument was such that it was
difficult to be confident of identifying fine fibers
(i.e., less than 0.1 pjn in diameter) among resi-
dues."

Many of the studies summarized in Table 1
involve exposures to chrysotile asbestos. This is
appropriate, since chrysotile is the most common
fiber contaminant of water, food, and beverages.
Chrysotile fibers, however, serve as poorer indica-
tors of fiber penetration and transport to tissues
because of their susceptibility to leaching and
comminution and their common occurrence as a
contaminant added during sample preparation.
Amphibole fibers, including amosite and crocido-
lite asbestos, and attapulgite fibers were also
studied and provide strong indications of fiber
penetration. Crocidolite fibers were detected in
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lymph fluid of rats fed crocidolite in contrast to
the finding of chrysotile fibers in the lymph fluid
of other rats fed chrysotile (35). Attapulgite fibers
were found in high concentration in the urine of a
human subject known to have ingested a large
amount of that mineral (39). Attapulgite is un-
likely to be present as a result of a contamination
introduced during or after sample collection. Fi-
nally, urine (31) and tissue (34) concentrations of
amphibole fibers were shown to be well associated
with exposure or absence of exposure to the same
amphibole fibers in drinking water. These amphi-bole fibers existed as a mixture of cummingtonite-
grunerite and actinolite with a unique range of
elemental compositions that strengthened the as-
^ociation between the identity of fibers in the
water ingested and the identity of fibers in the
urine and tissue samples.

Perhaps more important than the weight of
evidence in favor of the probability of some fiber
penetration is the question of what fraction of
ingested fibers may be involved. Very little infor-
mation exists for providing an estimate of this
fraction. Any estimate is subject to a number of
assumptions and qualifications related to the na-
ture of the data used. The study of fiber appear-
ance in lymph fluid following ingestion or gavage
of chrysotile or crocidolite in rats resulted in an
estimate of a maximum daily passage of fibers to
the lymph fluid of 10-* to 10~T times the number
of fibers introduced to the stomach. (35). Amphi-
bole fiber concentrations in human urine were
observed to represent approximately 10 ~3 of the
xmcentration of the same fibers in the drinking
water consumed for up to 20 years prior to the
sample collections (31). Both the lymph fluid and
urine measurements provide a limited basis for
an estimate because they do not account for all
fibers that may move across the gastrointestinal
mucosa. The kinetics of fiber transport and elimi-
nation are unknown and further complicate at-
tempts to use the limited data for such estimates
officer penetration. These estimates do, however,
indicate the involvement of a very small fraction
of ingested fibers in penetration and consequently
low probability for significant tissue accumula-
tions and increased risk of cancer.

The research described in this paper has been peer and
administratively reviewed by the U.S. Environmental Protec-
tion Agency and approved for presentation and publication.
Mention of trade names or commercial products doea not
constitute endorsement or recommendation for use.
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Use of Quantitative Analysis of Urine toAssess Exposure to Asbestos Fibers inDrinking Water In The Puget Sound Region
by Edwin S. Boatman,* Tod Merrill,* Angela O'Neill,* LincolnVolissar* and James R. Miltette*

An earlier epidemiologic and electron microscopy study of drinking water in the
Everett area of Washington State indicated large numbers of naturally occurring chryso-tile asbestos fibers in the water. The purpose of the present study was to determinewhether significant numbers of asbestos fiber could be demonstrated in the urine ofdonors residing in that area for less than 3 yr and over 20 yr where the tapwater
contained about 200 x 10* fibers/L. A control group was obtained from Seattle where thetapwater asbestos fiber content was 100 times less. Urine samples, filtered control water,
tapwater samples, and additional controls were processed for transmission electronmicroscopy by the use of the Nuclepore membrane filter-Jaffe wick procedure. Interfer-
ence by mucos in the urine was reduced by treatment with hydrogen peroxide. Sampleswere taken over a period of 21 months. At no time during this period did the asbestoscontent of the urine samples consistently exceed that of the control waters. There was asignificant difference (p < 0.05) in the asbestos content of urine samples from subjects
with < 3 yr residence times versus > 20 yr. Asbestos concentration in urine samples fromEverett residents as a whole did not differ significantly from that in samples from Seattle
residents. Variable degrees of chrysotile contamination of control water samples and of
Nuclepore membrane filters presented a problem. At present, the data are inconclusive
but would suggest no relationship between high concentrations of fibers in drinking
water and the numbers estimated for voided urine.

Introduction
There are now ample data to indicate that

drinking waters taken from cities throughout the
United States and Canada contain naturally oc-
curring asbestos minerals (1-3). While chrysotile
asbestos is the most prevalent form seen, amphi-
bole asbestos is also found either alone or, more
commonly, in admixture with the chrysotile vari-
ety. Millette et al. (4) found concentrations of
chrysotile asbestos in drinking water ranging
from greater than 1 x 10* fibers/L to more than
10 x 10« fibers/L in 186 out of 406 cities in the
United States, and a study by Chatneld and Dil-
•Department of Environmental Health, University of

Washington, Seattle, WA 98195.
'Fred Hutchinson Cancer Research Center, Seattle, WA

98104.
'Health Effects Research Laboratory, U.S. Environmental

Protection Agency, Cincinnati, OH 45268.

Ion (5) indicated a similar range of concentrations
in 71 locations across Canada. Other fluids, in-
cluding wines (6) and beers (7), have also been
shown to contain significant numbers of asbesti-
form fibers. From these and other observations,
some obvious points of concern have arisen with
respect to what happens to these fibers when
imbibed. Do significant numbers penetrate the
wall of the intestinal tract? Are they found in
other organs of the body and body fluids? What is
their effect, if any, of long-term exposure for 20 yr
or more? Clearly, although it is easy enough to
estimate the probable concentrations taken in
during the consumption of water over time (with-
out regard, of course, to the contributions from
beverages and food), it is extremely difficult to
determine the ratio of fibers retained or excreted.
From the work of Cunningharn et al. (8) on the
accumulation of asbestos fibers in the feces ofworkers exposed to moderate to high industrial
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levels of chrysotile, it appears that around 12-26
x 10* fibers/gm of feces (perhaps 12-52 x 108

fibers in a 24-hr specimen) may be present. Con-
trol subjects yield about 0.4 x 106fibers/g of feces.
About 85% of the fibers isolated (irrespective ofgroup) were less than 2.0 uon in length. Unfortu-
nately, there are no data on the probable intake
levels.Although the results from animal experiments
and human autopsy material have indicated thepassage of ingested chrysotile asbestos fibers
through the gastrointestinal wall and their pres-ence in many organs of the body other than lungs,notably omentum, kidneys, urine and brain (9,
10), the long-term effects of ingestion of low to
moderate numbers of fibers on body-organ func-
tion is unclear. Recent work by Hallenbeck et al.
(11) indicates no evidence that asbestos fiberspenetrate the gastrointestinal tract and migrate
to various tissues. Contrary to these results, Se-
bastien et al. (12) have evidence that chrysotileand crocidolite asbestos fibers do pass across the
wall of the gastrointestinal tract with the passage
rate being higher for long fibers than for short
ones.Fibers other than asbestos may be found in the
urine and in considerable numbers. In a single
case, Bignon et al. (13) found attapulgite fibers at
a concentration of 300 x 10* fibers/L in the urine
of a 60-yr-old woman treated with a drug contain-ing attapulgite for 6 months at a dose of 9 g/day
orally. The mean length for the fibers was 0.93
M-m.
Neoplasmic changes in the lungs due to inhala-

tion of asbestos are well documented, but evi-
dence for a similar causation in other organs is
less strong. Studies by Kanarek et al. (14) and
Conforti (15) indicated a positive but low risk fortumors of the digestive tract in relation to im-bibed asbestos for a population of the San Fran-
cisco Bay Area. Polissar et al. (16) studied cancer
incidence and mortality with respect to asbestos
in drinking water in the Puget Sound region
(Washington State). Studying communities with
long-term exposures of 20 + yr, the authors foundfew associations between imbibed asbestos and
cancer and concluded that chance was the most
likely explanation for the cancer incidents. From
these results and those from previous studies,
however, they proposed that the pancreas and
small intestine were sites that should be included
in follow-up studies.
Recently, Cook and Olson (17) published find-

ings indicating the presence of significant num-
bers of amphibole asbestos in urine samples from
residents of Duluth, Minnesota, who were drink-

ing unfiltered water derived from Lake Superior
that was known to contain, on the average, 30 x
10* fibers of amositel/L water. Subsequent epide-
miologic studies in Duluth (18, 19) revealed nosignificant increase in the risks of various cancers
in the exposed population.
Because of the epidemiologic and drinking wa-

ter asbestos analysis data accumulated on thecohort groups in the Everett, Puget Sound region
(16), it was decided to carry out a limited study ona small group of people from this area to ascertain
whether or not significant numbers of chrysotile
asbestos fibers could be demonstrated in the urine
of people residing in that area for more than 20
and whose drinking water contained about 200s^-
10* fibers/L. These people would be compared to a
control group where the level of chrysotile asbes-
tos in the drinking water averaged 2.0 x 10*
fibers/L (i.e., the Seattle area, Tolt River supply).
Materials and Methods
Selection of Specimens
In order to obtain urine samples in a precise

and consistent fashion, male staff from the Ever-
ett Public Health Laboratories were recruited as
donors. Personnel from the School of Public
Health, University of Washington, were recruited
as controls. All subjects were in good health, and
none reported any history of kidney disease or
occupational exposure to asbestos. Subjects also
completed a questionnaire documenting their
source of drinking water, personal consumptio
and other beverages taken regularly. The
residence times, and other data of the donors are
given in Table 1. Three standard prerinsed 1-qt
plastic containers were given to each subject. One
container contained 200 mL of O.l-jjtm Nucle-
pore-filtered distilled water (control), which was

Table 1. Aabeatoa analysis: donor urine.
Donor Yean in residence Yean at present Mucous
No. Age (Everett) address threads*
101
102
103
104
107
108
109
501'
502*
503*
504-

55
56
62
40
28
25
44
41
24
__

25

24
24
30
30
1.5
2.75
1.5

19 (Seattle)
12 (Seattle)
5 (Bellevue)
3 (Bellevue)

6
24
13

0.75
1.25
0.75
1
19
2
5
3

Moderate
Moderate
Moderate
Moderate
ModerateScanty
Moderate
Scanty
Moderate
Moderate
Moderate

•Qualitative estimates by Nomarski interference optics.
"Control.
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FIGURE 1. Sketch of Sultan River watershed showing sam-
pling points and asbestos fiber concentrations. Not to scale.

simply opened and closed at the time of urination
into the second and empty container. The third
container was to be filled with tapwater from the
place of residence. All urine samples were freshly
voided, early-morning specimens that were deliv-
ered to the testing laboratory on the same day.
Drinking water in the Everett area is supplied by
the Sultan River system (Fig. 1).

The voided volume and specific gravity were
recorded, an aliquot (10 mL) of each urine sample
was centrifuged at 1,500 rpm for 10 min, and the
deposit was mounted in a drop of methylene blue
•*nd examined by Nomarski interference optics
r the presence of epithelial and other cell types,

casts, and mucous strands. The presence of mucus
was a consistent feature of the urine samples and,
accordingly, presented a problem during the fil-
tration procedure. After trials using various
chemicals and enzymes (e.g., trypsin, urea, pro-
nase, ozone, AT-acetyl L-lysine, and hydrogen per-
oxide, it was found that the H2O2 method of Cook
and Olson (17) was the most effective in disaggre-
gating the mucous strands. Consequently, the
volume remaining with each urine sample was
mixed with equal volumes of 30% H2O2 and al-lowed to react at 40°C for 20 hr with intermittent
shaking on a rotary shaker for the first hour. The
maximum possible volume of urine (from 25 to
100, 50 mL being the general case) was filtered
through 0.2-(jLm filters with the minimum of neg-
ative pressure. Prefiltered control water samples
(50 mL) were filtered through a 47-mm diameter,
0.2- M-m pore size Nuclepore filter, and tapwater
samples through a 47-mm diameter, 0.1-jim Nu-
clepore filter, each supported by a 2.0-fun pore
size Millipore backing filter. Although all tap

water samples were collected, not all were ana-
lyzed because of the consistently high levels of
asbestos established. Low temperature ashing as
in the Cook and Olson procedure was not used,
and, after drying, an equatorial strip was cut
from each Nuclepore filter, attached to a glass
slide, and coated with carbon by rotation in a
vacuum evaporator, then, small portions of the
coated filters (2 mm2) were placed on 200-mesh
copper-rhodium electron microscopy (EM) grids
(Maxtaform, Fullham, NY). The grids were ex-
posed to chloroform vapors in accordance with the
modified Jaffe wick procedure of Chatfield et al.
(20) and the filter matrix dissolved. After dissolu-
tion of the filter, the grid containing the particu-
lates retained by the surface carbon film was
observed by a JEOL 100S transmission electron
microscope (TEM) operating at 100 kV at a mag-
nification of 21,000 x. The tasks of preparation of
the samples and the subsequent fiber analysis
were distributed between two experienced observ-
ers.
Controls
Additional controls, consisting of filtered H202solutions, urine samples, "spiked" with a prede-

termined number of chrysotile asbestos fibers,
and urine and control water filtrations through
Nuclepore membranes of different batch numbers
of 0.1- or 0.2-nm pore size, were also set up.
Nuclepore membranes of different lot numbers
were ashed to determine their endogenous asbes-
tos fiber content.
Sample Analysis
Twenty grid openings selected randomly from

three or four grids of each sample were examined.
Particulates suggestive of asbestos fibers were
rated according to aspect ratio, morphology, and
crystal structure (selected area electron diffrac-
tion, or SAED). In some instances, energy-disper-
sive X-ray analysis was also attempted. The con-
centrations of fibers in millions per liter were
calculated by use of the standard formula of An-
derson and Long (21).
Detectable Limits

The sensitivity of the asbestos analysis method
is dependent upon the pore size of the filter used,
the volume of urine or water filterable, the pres-
ence of interfering particulates (e.g., fragments of
diatoms, residues of mucus, and other debris), and
the number of grid openings searched (4). In our
analyses, we obtained limits of detection ranging
from 0.07 to 0.3 x 10s fibers/L.
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It is important to be aware that the areas of

individual grid openings measured by light mi-
croscopy of 200-mesh microscope grids may vary
considerably from batch to batch. In one sequenceof measurements from different batches, we ob-
tained readings ranging from 7995 to 9988 \aa?
for a single grid opening.

Results
As shown in Table 1, it is seen that, of the seven

donors from the Everett area, four had spent more
than 24 yr in the area, and the remaining three,less than 3 yr. All were exposed, however, to high
numbers of chrysotile asbestos fibers in their
drinking water (Table 2). The numbers of fibersper liter calculated for urine, control water and
drinking water are shown in Table 2, with sum-
mary statistics in Table 3. Although the concen-
trations of fibers in the urine varied throughout
the 21-month sampling period, none was consist-
ently and significantly higher than the concentra-
tions of fibers estimated for the control waters.

There was, however, a significant difference (p =
0.05) between the counts of fibers in the urine of
donors with less than 3 yr residence time (Everett
area) and the urine of donors with 24 + yr resi-
dence time. Note, however, that the fiber count in
the urine of donor No. 102 was higher than that of
all others of the Everett group; otherwise, the
mean concentrations for long-term versus short-
term exposure were similar. The concentration of
fibers in the urine of Everett donors combined
(0.97 x 106 fibers/L) was not significantly differ-
ent from the concentration for Seattle/Bellevue
control donors, even though the numbers of fibers
in the drinking water of the latter were at ler
100 times less. The results of various contx^-
samples processed with different batches of Nu-
clepore membrane filters are shown in Table 4.
Overall, use of either of the two batches of 0.2-iim
Nuclepore membranes in the filtration step ap-
pears to yield about a fourfold increase in number
of fibers present compared to filtration through a
0.1-M.m pore size membrane. It should be noted
that a 2.0-iim Nuclepore membrane is twice as

Table 2. Asbestos analysis: chrysotile fibers in urine, control water, tapwater.

Location
Everett

Seattle/Bellevue

No.
101102
103
104
107
108
109
501
502
503
504

Years in
residence

24
24
30
30
1.5
2.8
1.5

19
12
5
3

Chrysotile fibers/L ( x lfr«)m
Urineb

0.85 ± 1.00
2.70 ± 2.47
0.68 ± 0.71
0.70 ± 0.14
0.70 ± 0.87
0.57 ± 0.45
0.27 ±0.29
2.03 ± 1.33
0.33 ± 0.25
0.43 ± 0.42
0.50 ± 0.10

Control water*
1.63 ± 1.34
2.00 ± 1.94
1.83 ± 1.07
1.50 ± 1.11
1.30 ± 0.89
1.27 ± 0.72
0.93 ± 0.55
1.17 ± 0.15
0.43 ± 0.06
0.77 ± 0.15
1.03 ± 0.25

Tapwater*
230 ± 57
320 ± 254
295 ± 60
297 ± 230235 - i
259 ± 2W
383 ±245
1.17 * 0.15
2.70 ± 0.95
3.07 ± 1.00
2.50 ±0.50

•Means of samples from November 1979 to August 1981, ± 1 SD.
Wos. 101-104: sample (n) for urine and control water =- 4; for tapwater • 2,Nos. 107-109 and 501-504: sample (n) for all procedures

Table 3. Asbestos analysis: chrysotile fibers in urine, control water, tapwater; statistical summary.

Group
Everett

Long term
4

Short term
3

Seattle/Bellevue
4

Years in
residence

27

2

9

Urine
1.23 ± 1.51
(n - 16)

0.51 ± 0.55
(n - 9)

0.83 ± 0.95
(n =« 12)

Chrysotile fibers/L ( x 10-«)*
Control water

1.74 ± 1.28
(n - 16)

1.17 ± 0.66
(n = 9)

0.85 ± 0.33
(n = 12)

Tapwater

285 ± 138
(n - 8)

278 -s. 214
(n - 9)

2.36 ± 0.98
(n - 12)

•± 1 SD.f-test; Everett urine: long term vs. short term. 1-tail test, p = 0.05; control waters, NS(2-tail test); tapwaters.NSU-tail
test). Everett vs. Seattle/Bellevue: urine, NS (1-tail test); control waters and tapwaters, p = 0.01 (2-tail test) and p < 0.001 (1-tail
test), respectively.
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Sample
Nuclepore membrane

Pore size Batch number
Number of

chrysotile fibers
x 106/L

100 mL glass-distilled water (GWD)
100 mL GDW
100 mL filtered H2O(0.1 urn) GWD
100 mL filtered H2O(0.1 tun) GDW
100 mL GDW + H202100 mL GDW + H202'QOmLGDW +

""-26 mL urine (A) +
25 mL asbestos H2O +
50mLH2O225 mL urine (B) +
25 mL asbestos H2O +
50 mL H2O225 mL filtered H2O25 mL asbestos H2O50 mL H2O2

0.1 f
0.1
0.1
0.2

0.1
0.2
0.2
0.2

0.2

0.2

83B 9B27
93B 9A31
83B9A21
83N9A84-

83B9A31
83N9A84
83B5F9*
83B5F9

83B5F9

83B5F9

0.14
0.20
0.14
0.50

0.18
0.85
0.65
5.8

4.3

8.9

'Batch 83N 9A84 gave 21.1 fibers/grid opening after ashing for 2.5 hr at radiofrequency, 50 W; and batch 83B 5F9 gave 6.4.

thick (i.e., 10 n-m versus 5 pm thick) as a 0.1-M.m
pore size membrane. Prefiltration of the glass
distilled water and H2O2 in tests for asbestoscontamination showed no contribution from these
sources.

At the bottom of Table 4 are entries for urine
Xmples with an added quantity of water contain-

ing a known amount of chrysotile asbestos fibers;
these are compared with an asbestos control con-
taining filtered distilled water in place of urine. It
is seen that the mean concentrations of fibers
calculated for the "spiked" urine (5.0 x 10«) are
57% of the asbestos control concentration (8.9 x
10s). Both of the spiked urine samples were shown
to contain moderate amounts of residual material
on the EM grids even after treatment with H2O2.It was further calculated that a loss (i.e., embed-
ded in mucous residues) of one fiber/two grid
openings would account for the 43% reduction in
fiber counts for these urines.

The mean length of fibers found in the urine
samples was 0.9 fxm with a range of 0.5 to 1.2 (Am.
In the drinking water, fibers ranged in length
from 0.3 to 5.0 n-m with a mean of 0.8 tan. Elec-
tron diffraction showed 68% of these fibers to be
positive for chrysotile. Among fibers counted as
asbestos, 26% gave strong SAED patterns, 52%
moderate patterns, and the remaining 22% were
weak but discernible. About 32% of all fibers

examined failed to give a recognizable diffraction
pattern and were not counted.
Light microscopy of centrifuged urine deposits

nearly always showed residues of mucous threads
(Fig. 2) which, following treatment with H202,were effectively disaggregated (Fig. 3). Scanning
electron microscopy (SEM) of the deposit from 10
mL of an untreated urine sample filtered through
a 0.2-fj.m Nuclepore membrane, dried and coated
with gold-palladium, showed a homogeneous
layer of mucus 1.0 jim thick covering the mem-
brane surface (Fig. 4, arrow). The residue from an
rLjC^-treated and filtered urine sample processed
for TEM and showing a single chrysotile asbestos
fiber is seen in Figure 5. In this figure, note also
the apparent blocking of pore apertures by resid-ual material, (arrow).

Discussion
Drinking water becomes contaminated by as-

bestos fibers as a result of geologic erosion, pollu-
tion (e.g., logging and the building of dams) and
the internal erosion of asbestos-cement pipe. The
consistently high concentrations of chrysotile fi-
bers of about 200 x 108 fibers/L found in the
water supply of Everett, Washington, are unique
for this area, but concentrations between 1 and
100 x 106 fibers/L have been found in a number of
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FIQUBE 2. Light microscopy of urine sediment (10 mL) before treatment with 30% I^Oj. Note
abundance of mucous strands. Nomarski optics, x 200.
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ilte^M^:^^.•-.'•• . ' . ""- *'-.

FIGURE 3. Light microacopy of urine sediment after treatment with 30% H2O2. Little residue
is seen at this level of magnification. Nomarski optics, x 200.

water supplies in California (4). Most of this
contamination on the West Coast is considered to
be due to the erosion of asbestos-bearing rocks
aided, at times, by marked fluctuations in the
local meteorologic conditions. This combination
results in relatively high concentrations of fibers
in the water supply throughout the year and is

grounds enough for believing that unusually high
numbers of fibers may be found in the urine of
people drinking this water compared to appropri-
ate controls. It has been variously estimated that
approximately 10 ~3 (17) to 10-* (22) of the in-
gested fibers find their way into the urine. In the
first case, after 2 L water is imbibed, we would



ANALYSIS OF URINE FOR ASBESTOS FIBERS 137

f.
FIOITRE 4. Scanning electron micrograph of a portion of the surface of a 0.2 urn Nuclepore

membrane following filtration of 10 mL of untreated urine. A part of the surface mucus has
been disrupted exposing the underlying membrane. The thickness of the dried mucous layer
(arrow) is about 1.0 urn. x 6050. Bar - 1.0 |im.

e t

FIGURE 5. Transmission electron micrograph of a single chrysotile asbestos fiber (1.3 |im long)
isolated from urine. Carbon replica of a 0.2 um diameter pore plugged with debris is seen
(arrow), x 30,000. Bar = 1.0 um.
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expect to find at least 0.4 x 10* fibers/L in the
urine in excess of control water without consider-
ation of the real possibility that chrysotile fibers
in urine may result from exposures other thanwater ingestion, i.e., food, beverages, and air via
lung clearance of inhaled fibers. In the secondcase, only 0.04 x 10* fibers/L would be assumed
to be present, a figure well below our limit of
detection.

On face value, the data would suggest that
significant numbers of chrysotile asbestos fibers
do not pass into the urine, whether the concentra-tion of fibers is low or 100 times higher. With
respect to these urine samples, however, addi-tional points need to be raised: (1) How manyfibers were missed due to masking by mucous
residues? (perhaps about 40%). (2) How many
fibers were not counted due to deterioration of
their morphology and negative selected area elec-
tron diffraction patterns? (about 30%). Such cor-rections would obviously not raise the counts sig-nificantly. (3) To obtain a convincing difference,the average numbers of fibers in the urine sam-
ples would have to be increased by a factor of 10
or more.

The reason for not finding a significant excess
of asbestos fibers in urine samples from residents
of Everett may be due to a number of additional
factors. First, throughout this study the attain-
ment of a high level of detection was thwarted bythe inability to filter large volumes of urines due
to the presence of mucous residues in spite of
pretreatment with H2O2. Although a level of de-
tection of less than 0.2 x 10* fibers/L was ob-
tained on urine where volumes of 50 mL or more
could be filtered, the results were obscured by the
generally higher background counts of the control
water samples. Cook et al. (17) attained a similardetectable limit for amphibole fibers, and Hallen-
beck et al. (10,11) achieved a limit of 0.44 x 10*
fibers/L. Both groups of workers used techniquesdifferent from ours. Second, it may be that signifi-
cant numbers of chrysotile fibers do not, in fact,
gain access to the excretory mechanism of the
kidneys and become voided with the urine.

Cook et al. (17) largely avoided the mucous
residue problem by ashing the Nuclepore mem-
brane following filtration of the urine and drying.
It is likely, however, as the results suggest, that a
significant increase in chrysotile contamination
would occur. Although Cook and Olson were look-
ing primarily for evidence of amphibole fibers,
significant numbers of contaminating chrysotile
fibers that sometimes exceeded 1 x 10" fibers/L
were found. For the past 2 yr, batches of "ashed"
47-mm diameter, 0.2-nm pore size Nuclepore

membranes have consistently yielded between 6
and 21 fibers/grid opening. With this in mind, we
chose to use the H2O2 procedure to eliminate theresidual mucus from human urine. On the whole,
H2O2 treatment appears satisfactory by light mi-
croscopy, but some mucous residues are some-
what refractory to treatment and, in addition,
tend to rapidly plug the membrane pores (Fig. 5),thereby reducing filtration efficiency. A further
disadvantage is that small asbestos fibers may
become masked by refractory residues and escape
being counted. The inability to see and to identify
all fibers in a particular sample is a problem
common to all asbestos analyses by TEM. Labor
tory contamination by asbestos, particularly >•*
the chrysotile variety, is also a significant prob-lem of varying magnitude. Carter and Taylor (23)
examined 300 grid openings on 65 "blank" grids
and found 1.3 fibers/grid opening.
Comparison of chrysotile fiber counts of waterfiltered through 0.1-^m pore size membranes and

those after 0.2-nm membrane filtration yielded a
fourfold increase in counts for the latter (Table 4).
As yet, we have not done enough of these compar-
isons to be able to ascertain the implication of
these results.

Cook et al. (17) also compared amphibole fiber
counts of "spiked" urine samples after filtration
and ashing with similarly treated water/amphi-
bole suspensions without added urine and found a
29% underestimate of amphibole numbers for the
urines. We recorded a 43% reduction in fiber
counts (Table 4) with urine "spiked" with chrys
tile asbestos and processed using H2O2 instead "Sf
ashing. Possibly, comparison of urine specimensbetween exposed and control persons is more ap-
propriate than comparisons between urine and
control water.
It is generally accepted that intralaboratory

precision for asbestos counting in clean waterusing the interim method of Anderson and Long
(21) is about 40-50%. This procedure also suggests
that counts less than 5 fibers/20 grid openings
should be considered not statistically significant.
On this basis, the differences shown in Table 2 for
urine largely represent counts in this range.
From Tables 2 and 3, the number of fibers per liter
from the Everett group of urine samples is not
significantly different from the urine of the Seat-
tle/Bellevue group. However, the control waters
were significantly different due to the high counts
of groups 101 to 104. In this case, it seems that
there was a higher level of contamination in the
early control water samples than later on.
Furthermore, the fiber counts of the Everett
urine samples were just significantly different (p
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< 0.1, two-sided t-test) from their control waters.This is most likely due to an unknown loss of
fibers by masking by residues of debris. A 43%loss of fibers assumed, as judged by the "spiked"
urine counts, is consistent with the differencebetween Everett urine samples and control water.

At this point, some functional and structuralaspects of the kidneys should be reviewed. Theoutput of urine in normal adult subjects varies
from 600 to 2500 mL/day. The blood flow through
the combined kidneys is 1200 mL/min. Each kid-
ney has about 1 x 106 nephrons, and each neph-ron consists of a glomerulus (filtration unit) con-
nected to a long tubule consisting of four parts: (1)

proximal convoluted tubule, 60 )im diameter (re-
"sorption); (2) Loop of Henle; (3) distal convoluted
tubule, 20-50 um diameter; and (4) collecting
tubule 100-200, um diameter. From this last tu-bule follows the renal pelvises, ureter, and, fi-
nally, the bladder. It is the mucous coats of the
ureters and bladder that give rise to mucus in the
urine. Not to be forgotten is the generous systemof lymphatics, which serves the kidneys, ureters,
and bladder. A glomerular filtration unit (Fig. 6)
consists of capillary endothelium punctuated by
regularly spaced pores, 50-100 \aa in diameter;
fused basement membranes (BM) of the overlying
podocyte foot processes and underlying endothe-

FIGURE 6. Sketch of a portion of the wall of a glomerular capillary and capsular space.
Modified from Bloom and Fawcett (24). A hypothetical chrysotile asbestos fiber (0.8 um x
0.04 |im) has been drawn in as a size reference, x 70,000.
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lial cell form a homogenous barrier, which isbelieved to be the principal filter to hold back
large molecules in conjunction with nitration slitsformed between any two adjacent foot processes.Two potential sources of asbestos fiber contami-
nation of renal tissue are therefore the bloodplasma and the lymph, and two potential path-ways for access into the urine are (1) entrythrough the endothelial pore-basement mem-brane-filtration slit network, and (2) into thebladder via the lymphatics. That particuiate mat-
ter can be excreted along with the urine is sug-
gested by the works of Cook and Olson (17) with
waterborne amphiboles, Bignon et al. (13) withorally ingested attapulgite clay, and Hallenbeck
et al. (10) with ingested chrysotile and crocidolite.At present, the question of how fibers find theirway into the urine is unresolved. One might ask if
fiber surface charge has anything to do with the
process of entry or if it is simply a spearlike
penetration by a relatively rigid rod-shaped ob-
ject. An equally important aspect to consider isnot the numbers of fibers retrieved from uriner—
thus safely and permanently removed—but howmany fibers are sequestered in kidney tissue. Thelatter is an even more difficult problem to solvegiven the ubiquitous nature of contaminating
chrysotile.It is clear that there are substantial difficultiesassociated with the estimation of chrysotile as-
bestos fibers in human urine by the use of present
techniques. The difficulties arise from the inher-
ent chrysotile contamination of the 0.2-um Nucle-
pore filters, the presence of residual mucous ma-
terial on the membrane, and, finally, sporadic
environmental contamination of the sample dur-
ing processing. At the present time, the results ofthe present study can only be regarded as incon-clusive but would suggest no relationship be-tween high numbers of chrysotile fibers in drink-ing water and the numbers estimated for voidedurine. For whatever reason, no urine examined
showed high numbers of chrysotile fibers during
the 21 months of intermittent observation. The
resolution of this problem will rest on future
procedures to rid urine of obstructive mucous, on
the acquisition of membrane filters free of endog-
enous chrysotile asbestos, and on obtaining a
larger group of urine donors, which, to detect a
significant difference between the mean test
value and the mean control value, would require
a considerable increase over the present numbers
and consideration given to the frequency of sam-
pling.
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How Are The Physical and ChemicalProperties of Chrysotile Asbestos Altered bya 10-Year Residence in Water And up to 5Days in Simulated Stomach Acid?
by Krisna Seshan*

Although there have been a number of studies on the ingestion of asbestos, few studies
exist on how the chrysotile asbestos itself is altered by the exposure to the acid stomach
environment. This study has found that there are changes in the physical, chemical and
surface properties of chrysotile asbestos as a result of exposure to water, strong acids,
and simulated gastric juices. It was observed that the charge on the surface (the zeta
potential) is changed from positive to negative; the surface becomes silicalike; and themagnesium is lost from the fibers of asbestos upon exposure to water and acid. It was alsonoted that the smaller the fiber diameter, the faster the loss of the magnesium.
Notable among the changes in physical properties is a change in the refractive index.

This means that asbestos exposed to acids or water may not be detectable using the
dispersion staining techniques that identify asbestos based on the refractive index. Other
physical property changes include the destruction of the gross crystallinity of the fibers.The x-ray diffraction signal disappears when fibers are exposed to acid. However, this
study shows that the fibers may still be detected by electron diffraction.
It appears that upon acid exposure, the magnesium ions are leached out, leaving a

magnesium-free silica network. A positive ion, possibly the proton (H*) or the hydronium
ion (HSO *), replaces the lost magnesium ion.

Introduction
The prevalence of asbestos in drinking water in

the United States has been cataloged (1£), and
the effects of magnesium leaching on the biologi-
cal effects of inhaled asbestos have been studied
(3-5). However, no studies have been found that
have considered the effects of magnesium leach-
ing in ingested asbestos.
Several mineralogists (6,7) have studied how

asbestos changes under heat and presssure, while
others (8,9) have studied the surface properties of
asbestos fibers. The physical and chemical proper-
ties of asbestos have been cataloged (10,11). The
optical properties of chrysotile have been studied
(12), and dye absorption on chrysotile has been

'Department of Metallurgical Engineering, University ofArizona, Tbcson, AZ 85721.

investigated (13,14). The study summarized here
attempted to use these various techniques and
tests on asbestos fibers altered by exposure to
simulated gastric juices and fibers stored in water
for long periods of time. Specific details of the
studies can be found in the more comprehensive
final report, which will be available from the U.S.
Environmental Protection Agency (U.S. EPA) at
a future date.
This work impacts two areas. The first is the

area of chrysotile identification in the environ-
mental matrix. Acid-treated fibers may not be
easily detectable by conventional techniques used
for asbestos identification. Second, there is the
biomedical implication: What changes in fiber
properties caused by exposure to water or gastric
juice will alter the biological effects of asbestos?
Light and Wei have pointed out the possibility of
a connection between surface charge and toxicity
(15).
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Materials and Methods
This project studied the changes in the physi-

cal, chemical, and surface properties of chrysotile
asbestos after exposure to doubly distilled (DD)
water for 10 years, 1 N hydrochloric acid for 1/2-hr to 5-day intervals, and to simulated gastric
juices for up to 5 days. The simulated gastricjuices were produced by adding 2 g of NaCl, 3.2 gof pepsin (hog extract), and 7.0 mL of HCI to a
liter of distilled water (16). The pH of the juicewas 1.2.
Chrysotile asbestos samples were obtained

from three sources: International Union Against
Cancer (UICC), National Institute of Environ-
mental Health Sciences (NIEHS), and Globe, AZ.

A variety of tests, including X-ray and electron
diffraction, energy-dispersive X-ray analysis, and
various surface tests, were performed. The tests
may be divided into three main categories: physi-
cal, chemical, and surface charge investigations.Changes in surface charge as a result of acid
exposure were determined by the measurement of
zeta potential (ZP) (17,18) versus pH. Untreated
fibers were compared with those treated in 1 N
HCI and those treated in simulated gastric juices.
A nitrogen absorption (19) experiment was per-
formed to determine changes in surface area.
Changes in surface were also studied by a dye
adsorption method (20).
Physical changes to the fiber after acid expo-

sure were found by measuring the refractive in-
dex of the fibers. X-ray and electron diffraction
were used to study the differences between acid-
treated, water-treated, and untreated fibers.

Chemical changes to the fiber after acid treat-
ment were studied by performing atomic absorp-
tion (AA) analyses of the liquid in which the
fibers were treated. The total amount of magne-lost from the fibers was determined. En-sium
ergy-dispersive X-ray analysis on individual fi-
bers was performed using a scanning
transmission electron microscope (STEM). In thiscase the Mg/Si ratio, as a function of residencetime in acid, was determined.

Results
Upon exposure to simulated gastric juice, the

ZP of NIEHS, UICC, and Globe chrysotile asbes-
tos goes from positive to negative in less than 1 hr
(Fig.l). Figure 2 shows the results of asbestos
exposure to 1 N HCI. In 8 hr the ZP still remained
positive. The different results suggest that the
NaCl and pepsin have an important part to playin changing surface charge.

ZP-pH measurements can be used to under-
stand surface changes. Figures 3 and 4 compareZP-pH curves for untreated and 0.1 N HC1-
treated chrysotile. The point at which the ZP
curve cuts the x-axis, called the zero point charge
(ZPC), has moved from a pH of 6.5 for untreated
fibers to a pH of 4 for the treated chrysotile. Since
chrysotile has a ZPC of 6 and silica has a ZPC of
4, Figures 3 and 4 show that acid exposure has
turned the chrysotile surface to a silicalike sur-
face.

FIGURE 1. Plot showing the variation of zeta potential of
chrysotile asbestos fibers during an 8-hr treatment in
simulated gastric juice.

o —— o
D———a NIEHS (INT)a——a uicc

3 « 5
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FIGURE 2. Plot showing the variation of zeta potential of
chrysotile asbestos from several sources during an 8-hr
treatment in 1 N HCI.
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ZP vs pH ZPvs pH

FIGURE 3. Plot showing the variation of zeta potential vs. pH
for chrysotile asbestos treated in 0.1 N HC1 for 5 days. The
specific conductance of the solution is shown at the bottom,
for calibration purposes.

Table 1. Surface area of chrysotile asbestos determined
using the nitrogen adsorption technique.

Sample
Globe (fine)
NIEHS (intermediate)
Globe (fine)
NIEHS (intermediate)
Globe (fine)NIEHS (intermediate)

Treatment
Untreated
Untreated
2 hr, 1 N HC1
2 hr, 1 N HC1
Sonicated
Sonicated

Surface area,
mZ/g
29.55
29.76
30.99
59.82
21.21
21.50

Table 1 shows that the surface area of the
treated NIEHS chrysotile is about double that of
the untreated chrysotile as measured by the ni-
trogen adsorption experiment. The chrysotile
from Globe was not affected by the acid treat-
ment. The difference cannot be attributed to
larger fibers in the NIEHS material breaking up
into smaller fibers with more surface area be-
cause there was no difference in nitrogen adsorp-
tion after sonication of both materials.
The results of the dye adsorption measurement

of surface area are shown in Figure 5. The HC1 is
shown to have the greatest effect on the asbestosfibers.
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FIGURE 4. Plot showing the variation of zeta potential vs. pH
for chrysotile that has not been treated.

One of the important physical properties that
changes upon acid treatment of chrysotile is its
refractive index. This change for 1 N HC1 and
simulated gastric juice treatments is shown in
Figure 6. The refractive index decreases from
1.54 for the untreated fiber to 1.44 for the treated
fibers. A refractive index of 1.4 is approaching
that of the zeolite minerals. This is consistent
with the removal of magnesium from the chryso-
tile, leaving an open framework type of silicate.
The result suggests that methods used to identify
chrysotile based on its refractive index alone will
not be effective in identifying acid-treated fibers.

Acid treatment also destroys the X-ray diffrac-
tion pattern of chrysotile. The effect on the X-ray
pattern of chrysotile after 3 and 5 days in 1N HC1
is shown in Figure 7. Crocidolite, an amphibole
asbestos form, remains unchanged (Fig. 8). The
results of an electron diffraction study of acid-
treated chrysotile are shown in Table 2. It was
observed that after 5 days in 1 N HC1, the elec-
tron diffraction patterns lost clarity; this is as-
sumed to be related to the loss of magnesium ions
from the fiber.



146 K. SESHAN

4OOO

ITi
91!&
o

2OOO

1000

/ 0 DQOTHUO1 y ® HjSQj
A A HNO3XHCI

EJDryCh.
?NoOH

I I
75 1OO 125Dye cone, p motes —

FIGURE 5. Results of surface area measurement using a dye
adsorption technique. Chrysotile asbestos from Globe, AZ.
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FIGURE 6. Graph showing the refractive index of Globe
chrysotile vs. the time treated in 1 N HC1 and in simulated
gastric juice, a is the refractive index perpendicular to the
fiber axis, y is the index along the fiber axis. Treatment in
HC1 cause a and y to become equal and drop to a value of
1.44.

Table 2. Chrysotile fibers identifiable by electron
diffraction.*

Source
UICCNIEHSGlobe, AZ

Fibers identifiable, %
30min,

Untreated 1 N HC1
89 67
90 80
92 87

5 days,
1NHC1

60
77
80

*At least three layer lines must be visible to be considered
identifiable for this test.
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FIGURE 7. X-ray diflractometer trace of intensity vs. 2 9 for 1
N HCl-treated chrysotile asbestos.

Chrysoti le asbestos has the formula
MgatSizOsKOHV The results of the AA analysis
of the liquid in which the asbestos materials had
been placed (Fig.9) leads to the clear conclusion
that acid leaches magnesium from chrysotile fi-
bers. The excellent agreement with electron mi-
croprobe results of Monchaux et al. (4) may also
be seen in Figure 9.

The X-ray microanalysis results shown in Fig-
ures 10 and 11 show that the smaller the fiber, the
greater the magnesium loss. This implies that the
loss of magnesium is from the surface of the fiber
rather than from the ends.
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miques for the optimum identification of fi-
5 after they have been placed in the gstrointes-
d tract through ingestion.
tie simulated gastric juices used in this study
not contain all components of human stomach
. The complex organic compounds such as
»- and glycoproteins may play a large part in
ang the fibers after they are in the stomach
have a great effect on such parameters as
ace charge and magnesium leaching.
nclusions

TIME SOAKED Ihouxl

FIGURE 9. Percent magnesium as function of time. Compari-
son with the results of Monchauz et al. (4).

Discussion
Some of the changes caused by HCI and gastric

acid would make it difficult to identify acid-
treated fibers. It will be necessary to develop new

Chrysotile asbestos from three sources (UICC,
NIEHS, and Globe, Arizona) has been shown to
change its physical, chemical and surface proper-
ties after exposure to HCI and simulated gastric
juice.
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Transmigration of Ingested Asbestos
by M. E. Meek*

There has been speculation that the ingestion of asbestos in food and drinking watermay play some role in the etiology of cancer of the gastrointestinal (GD tract. An
important question in the evaluation of the possible human cancer risk associated with
asbestos ingestion is whether fibers can penetrate into and through the GI tract insufficient numbers to cause adverse systemic or local effects.
Factors that complicate interpretation of the available data on the transmigration of

ingested asbestos are discussed, and the preliminary results of our ongoing investigationof the penetration of amorite fibers into the normal and abnormal intestinal mucosa ofthe Wistar rat are reported.

Introduction
An important question in the evaluation of the

possible human cancer risk associated with the
ingestion of asbestos is whether fibers can mi-grate from the lumen into and through the walls
of the gastrointestinal tract in sufficient numbers
to cause adverse systemic or local effects. There is
considerable disagreement concerning this sub-ject.

There has been evidence of transmigration in
studies involving electron microscopic examina-
tion of tissue residues or urine of humans in
which exposure was assumed to be via the gas-trointestinal route (12) or in animals following
introduction of asbestos into the lumen of the GI
tract (3-8). On the other hand, there has been no
evidence of penetration in one study involving
electron microscopic examination of the fiber con-
tent of human urine (9) and in several studies in
which tissue residues were examined by electron
microscopy following oral administration of as-
bestos to various species of animals for various
periods of time (10-13).

Moreover, in those studies with positive results,
there has been conflicting evidence concerning
the dimensions of fibers which transmigrate, with
Sebastien et al. (8) reporting preferential passage
for long fibers and Cook and Olson (2) reporting
greater transmigration of shorter fibers. The

•Monitoring and Criteria Division, Bureau of Chemical
Hazards, Environmental Health Directorate, Department of
National Health and Welfare, Ottawa, Canada KIA OL2.

available data are inconclusive due to several
factors which complicate the interpretation and
comparison of the results of the studies involving
electron microscopic examination of the fiber con-
tent of tissue residues or biological fluids. In sev-
eral of the studies in which there was no evidence
of widespread transmigration, the sensitivity of
the analytical technique was not well character-
ized and it is possible that the method was not
sufficiently sensitive (10,11). Alternatively, fibers
may have been lost during sample preparation.
It is also extremely difficult to avoid contami-

nating samples from external sources. In some
cases, there may be contamination that is not
monitored in blank sample preparation and anal-
ysis. For example, in a study conducted by Carter
and lay lor (1) amphibole fibers were identified in
ashed tissue samples of residents of Ouluth
(where concentrations of up to 100 x 10" fibers/L
have been measured in the drinking water sup-
ply). However, it is possible that the tissue sam-
ples of the Duluth residents may have been con-
taminated since it has been previously reported
that the formalin used to fix autopsy specimens in
some Ouluth hospitals was diluted with city tap
water containing amphibole asbestos fibers (14).
There is also the possibility of cross contamina-
tion from the gut lumen in the animal studies
designed to examine fiber content of tissue resi-
dues following oral administration of asbestos,
particularly since asbestos fibers adhere firmly to
the gut surface; scanning electron microscopy has
revealed the presence of fibers on the surface of
the gastrointestinal tract, even after vigorous
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washing of the mucosa at autopsy (11). In some of
the studies, there was insufficient time between
feeding of the asbestos and killing of the animals
to allow clearance of fibers from the gastrointes-
tinal tract (7). In addition, at autopsy, it is diffi-
cult to avoid contamination of tissues by fibers
which may have adhered to the fur of the animal
during feeding. As a result, the fiber content of
tissues in the asbestos-fed animals may be higher
than that in the control animals, due to contami-
nation. In several of the studies reporting positive
results, no attempt was made to replicate fiber
counts, and there were relatively few control sub-
jects or animals (2,8).

There have also been several studies in which
thin samples of the gastrointestinal mucosa,
rather than bulk tissue residues, have been ex-
amined for fiber content by electron microscopy
following introduction of asbestos into the lumen
of the GI tract of animals (10,15-17). The results
of these studies have also been contradictory;
fibers have been identified in epithelial cells and
the lamina propria in some but not all of these
investigations. However, only small areas of tis-
sue can be examined in this manner and it has
been suggested that fibers may be forced into
(11,16) or dragged from the cells during thin
section preparation. Similarly, the results of stud-
ies concerning the effects of ingested asbestos on
proliferation and other biochemical parameters
in epithelial cells of the gastrointestinal tract
have also been contradictory (1148-21).
Although fibers have been identified in tissue

residues or biological fluids of animals and hu-
mans ingesting asbestos, there has been no con-
clusive confirmatory evidence of a tissue response
associated with penetration of the gastrointes-
tinal epithelium. Jacobs et al. (IT) observed light
and electron microscopic evidence of cellular
damage in the intestinal mucosa of rats fed 0.5 or
50 mg of chrysotile per day for 1 week or 14
months. However, most of the changes were non-
specific and are commonly observed in the mucc-
sae of control animals. Such changes may have
occurred in the absence of actual fiber penetra-
tion; in fact, no fibers were detected in the mucosa
of the treated animals upon examination by elec-
tron microscopy. The presence of "iron-contain-
ing" macrophages in the duodenal and ileal muco-
sae of baboons fed asbestos for up to 5 years has
been reported; however, few data were presented
concerning the study protocol (22). Confirmation
of such a pathological response would help to
verify that fibers in the gastrointestinal wall or
other tissues in previous studies were not present
due to contamination from the gut lumen or from

exogenous sources which may have occurred dur-
ing tissue processing.

Experimental Investigation and
Results

We have, therefore, been conducting animal
studies to investigate the tissue response asso-
ciated with the presence of asbestos fibers in the
wall of the intact gastrointestinal tract. In our
first experiment, histopathological sections of du-
odenal tissues of two 200 g Wistar rats were
examined by light microscopy 4 days following
the injection of 0.1 mL suspensions of UTCC amo-
site fibers in physiological saline into the wall of
the duodenum during laparotomy. A 10 mL vol-
ume of the upper layer of a solution of 3.9 ng of
UICC amosite in 20 mL of physiological saline
was used as the stock solution for the injections.
This is an nonphysiological route of administra-
tion and does not simulate the exposure of man to
ingested asbestos. However, this experiment was
conducted solely to investigate and characterize
the short-term tissue response associated with
the presence of amosite in the wall of the gas-
trointestinal tract.
Granulomas which were characterized by dense

masses of macrophages were present at the sites
of injection of amosite; intracellular crystals with
the polarizing characteristics of amosite were
clearly visible. A smaller and more localized tis-
sue reaction was evident at the sites of injection of
physiological saline in two control animals. These
granulomas were characterized by few capillaries
and fibroblasts and relatively scanty macro-
phages.

Having characterized the tissue response asso-
ciated with the presence of amosite in the wall of
the gastrointestinal tract, intestinal tissues of
Wistar rats were examined by light microscopy
for pathological changes following the ingestion
of asbestos. Although there may be gastrointes-
tinal-induced changes in ingested fibers, it seems
likely that penetration of amosite into the gut
wall would provoke a macrophage response which
would result in infiltration of macrophages, since
asbestos fibers induce a well-marked granuloma-
tous condition in the lungs and since a similar
response was evident in the wall of the gastroin-
testinal tract several days after the injection of
amosite in this study. However, there was no
evidence of a macrophage response or other path-
ological changes in the small intestine of animals
5 days following administration of 100 mg UICC
amosite by gavage daily for 5 days.
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Therefore, there was no pathological evidence
of penetration of amosite asbestos into the gas-
trointestinal mucosa of Wistar rats, based on ex-
amination by light microscopy. Although the
method employed in this investigation does not
preclude entirely the possibility of limited pene-
tration of small fibers, these results are consistent
with the lack of widespread transmigration re-
ported in several studies involving electron mi-
croscopic examination of tissue residues following
oral administration of asbestos to various species
of animals for various periods of time (10-12).

We have also examined in a preliminary fash-
ion, the extent of transmigration in regions of
ulceration. This is an area of considerable inter-
est, particularly in light of the fact that it is
estimated that up to 10% of all males between the
ages of 20 and 50 have areas of intestinal mucosal
damage (23). A 100 mg portion of UICC amosite
suspended in corn oil was administered by gavage
to six female Wistar rats daily for 2 days; six
control rats received a similar volume of corn oil
at the same time. On the third day, 10 mg/kg
indomethacin was administered by gavage to
both asbestos-treated and control animals to in-
duce ulcers. The asbestos-treated animals re-
ceived a further 25 mg UICC amosite on the same
day and daily thereafter until they were killed
sequentially at intervals of approximately 24,48,
54, 72, 96 and 120 hr following indomethacin
administration. The indomethacin-control group
received similar volumes of corn oil and were
killed on the same schedule. At postmortem, ar-
eas of the gastrointestinal tract with visible signs
of ulceration were removed and processed for his-
tological examination by light microscopy. No
intracellular fibers were observed upon polarizing
light microscopic examination of the areas of ul-
ceration.

Conclusions
These preliminary results indicate that the gut

wall of rats may present an effective barrier to the
penetration of asbestos even under conditions of
loss of the epithelium. However, there are several
limitations inherent in this investigation and ad-
ditional studies are underway. For example, the
administration period may not have been suffi-
ciently long or further study involving electron
microscopic examination of macrophages in the
vicinity of gastrointestinal ulcers might reveal
the presence of fibers of sizes which are below the
limit of resolution of the light microscope. In our
further studies, mucosal cells of the intact GI
tract will be examined by electron microscopy for

pathological evidence of fiber penetration follow-
ing prolonged oral administration of asbestos in
combination with a low-fiber diet. Similarly, mac-
rophages in the vicinity of gastrointestinal ulcers
in both acute and chronic stages will be examined
for the presence of fibers by electron microscopy.
This will be combined with an experiment to
determine the likelihood of extraction of fibers
during preparation of thin tissue sections.
The work described in this paper was not funded by the U.S.

Environmental Protection Agency. The contents do not neces-
sarily reflect the view of the Agency and no official endorse-
ment should be inferred.
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Commentary

Asbestos Penetration of the GastrointestinalTract
by William H. Hallenbeck*

My comments are restricted to studies involv-ing gastrointestinal exposure of humans and ani-mals to asbestos via the diet or intubation. There
have been three studies designed to determine
whether human ingestion of asbestos in drinking
water could result in the detection of asbestos in
urine or postmortem tissues (1-3). One study
concluded that ingested asbestos could not be
found in human urine (1). However, other studies
found evidence that ingested asbestos could pene-
trate the GI tract, migrate, and be recovered in
urine and tissues (2,3). These two positive human
studies were uncontrolled to the extent that in-
haled asbestos may have contributed to the posi-
tive findings. Hence, we look to controlled animal
studies for confirmation of the human findings,especially with regard to dose.
There have been at least 12 animal studies

involving rats and baboons (4-15). Five rat stud-
ies (4-8) and two baboon studies (&-10) presented
evidence of asbestos penetration of the GI tract
and/or migration to various tissues. Three rat
studies (11-13) and two baboon studies (14, 15)
found little or no evidence of penetration andmigration.
The positive animal findings (4—10) are not

completely convincing for various reasons: (a) the
number of fibers observed on a grid opening basis
was quite small (8,10); (b) the qualitative presen-
tation of data prevented numerical comparisons
of test and control fiber count data (4,6); (c) too
few control data were obtained (7); and (d) fiber
count data were reported in terms of fibers per
milligram or milliliter (5). Unless fiber count data
are given in terms of fibers per grid opening, it is
not possible to know whether the authors' conclu-
sions are based on the observation of one or hun-
•School of Public Health, University of Illinois, P O. Box6998, Chicago, IL 60680

dreds of fibers. Given the problem of backgroundcontamination, positive results are always more
credible if they are based on the actual observa-tion of many fibers.

The negative animal studies are not completely
convincing because the asbestos recovery of the
sample preparation and analysis techniques were
not demonstrated (11-15). It is possible that the
methods used in these studies were not capable of
detecting low levels of asbestos fibers in tissues.

Two additional studies are in progress in ourlaboratory. These will be completed in early 1983.
Mark Finn is nearing completion of a study with
two main objectives. The first objective is to com-
pare three methods of sample preparation on the
bases of accuracy, precision, and recovery. The
three methods include the EPA interim methodol-
ogy on ashed and unashed samples, condensation
washing of unashed samples, and acetone-droplet
transfer of ashed samples. Finn's second objective
is to evaluate urine as a biological index of
worker exposure to airborne asbestos (using theEPA provisional methodology).
Janet Kaczinski will complete a reevaluation of

the baboon tissues reported on earlier (15). She is
using the EPA provisional methodology instead of
the acetone-droplet transfer technique used pre-
viously. Finn's research has shown that the recov-
ery of the EPA provisional methodology is better
than that of the acetone-droplet technique. Kac-
zenski has documented the recovery of her tissue
preparation technique by analyzing asbestos-
spiked tissue digests. Also, she is analyzing a
relatively large amount of each tissue, 5 g wetweight.
The views and policies presented by the author in this

commentary do not necessarily reflect those of the U.S. Envi-
ronmental Protection Agency. Mention of trade names or
commercial products does not constitute endorsement or rec-ommendation for use.
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Relative Source Contributions of Diet and Airto Ingested Asbestos Exposure
by James N. Rowe*

Reliable assessments of the relative contributions of diet (food, beverages, and orally
administered drags) and air (inhaled fibers) to total ingested asbestos exposure are not
feasible due to the paucity of quantitative data on the subject. Instead, scenarios for both
modes of exposure were developed from the limited information available to give crude
estimates of ingestion of asbestos from these routes. They suggest that such sources are
potentially significant relative to the contribution of asbestos exposure derived from
drinking water. Research recommendations are discussed.

The general public has become aware of the
potential gastrointestinal exposure to asbestos
fibers from drinking water flowing through asbes-
tos cement pipe or from fibers derived from natu-
ral sources of asbestos in rivers or reservoirs.
However, most people are unaware that diet and
air may also contribute significantly to the in-
gested asbestos exposure. The following is a dis-
cussion of the potential relative source contribu-
tions of diet, air and drinking water sources to
mgested asbestos exposure. Information gaps in
-this area exist that preclude an accurate measure
of the total ingested load of asbestos. The types of
studies needed to fill these gaps are identified.
Asbestos in Dietary Materials

Only sparse data are available upon which one
ran estimate with any assurance the magnitude
of asbestos exposure to the gastrointestinal tract
from airborne and dietary sources, however, lim-
ited information is available for some sources
that allow a crude measure of the ingested asbes-
tos load to be calculated. Dietary materials that
have been reported to contain, or are likely to
contain, asbestos include foods such as vegetable
oil, lard, mayonnaise, ketchup, meats (1-3) and
beverages such as beers, sherries, ports, ver-
mouth and soft drinks (4-6). In processed or
filtered foods, the contamination is most likely
due to the filtration process during which asbes-

•Office of Toxic Substances (TS-796), U.S. Environmental Pro-
tection Agency, 401 M Street, SW, Washington, DC 20460.

tos fibers are released into the processed materi-
als. Other direct or indirect sources of asbestiform
minerals in the food industry are in building
materials, e.g., cement floor and ceiling tiles, pipe
coverings and brake linings of transport vehicles
(7). In addition, tremolite asbestos is found in
talc-coated rice and chewing gum, as well as in
oral drugs containing talc as an incipient in com-
pressed tablets, as a dusting powder in capsules,
and, less frequently, as a filler in the capsules (8).
Contamination by asbestos is so common that

many, if not most, foods may contain some asbes-
tos contamination (P. McGrath, FDA, personal
communication). Unfortunately, there is pres-
ently no established program to examine exhaus-
tively dietary materials for their asbestos con-
tent.
Limited, but important, quantitative data on

the concentrations of asbestos in ingested sources
are given in Table 1. In alcoholic and nonalcoholic
beverages, Cunningham and Pontefract (5) re-
ported asbestos concentrations ranging from 1.1
to 12.2 x 10s fibers/L as measured by the trans-
mission electron microscope (TEM). The asbestos
content of a sample of talc-coated rice destined for
Japanese consumers was estimated by Merliss (1)
to contain 3.7 x 108 fibers/g as measured through
the light optical microscope (LOM). The asbestos
concentration in drugs, including three brands of
aspirin, has been determined by Nicholson (9) to
range from 120 to 150 ng/g.
Using this information, a scenario could be

constructed along the following lines: John Q.
Public is an "average" individual who daily
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In Vitro Approaches for DeterminingMechanisms of Toxicity and Carcinogenic'rtyby Asbestos in the Gastrointestinal andRespiratory Tracts
by Brooke T. Mossman*

Organ and cell cultures of gastrointestinal and tracheobronchial epithelium have beenused to document both the interaction of asbestos with mucosal cells and the sequence of
cellular events occurring after exposure of cells to fibers. The biological activity ofvarious types of asbestos in vitro is related to surface charge, crystallization, and dimen-sional characteristics. These factors also influence adsorption of natural secretions andserum components to fibers, a process that ameliorates cytotoxicity. Although mechanis-
tic studies at the cellular level are lacking using epithelial cells of the digestive tract,
asbestos appears to elicit a constellation of morphologic and biochemical changes in
trachea! epithelium that resemble effects of classical tumor promoters on target cells.

Introduction
Asbestos is implicated in the causation of can-

cers of the digestive system, airways, and lung. To
elucidate possible mechanisms of fiber-induced
disease, the interaction of asbestos with epithelial
cells of the gastrointestinal and respiratory tracts
has been studied in organ and cell cultures. Afterintroduction of asbestos, the uptake of fibers by
mucosal cells is observed concomitantly with
damage, death, and regeneration of the epithe-
lium (1-3). The extent of these changes, which
might be related to the process of carcinogenesis,
varies with the type (2-4), charge (5,6), crystalli-
zation (7), and size (8$) of the fibers. Discussed
here are experiments in vitro that define asbestos-
induced cellular responses and their possible rela-
tionship to neoplasia in gastrointestinal and res-
piratory epithelium. Carcinoma, the histologic
classification of tumor found most frequently in
man, arises from these (i.e., epithelial) cells. Al-
though only one group of researchers has taken
an in-depth look at the testing of asbestos in
gastrointestinal epithelial cells in vitro (4), the

'Department of Pathology, University of Vermont, College
of Medicine. Burlington, VT 05405.

work done with other epithelial cells provides
significant data.
Mechanisms of Cell Damage by
Asbestos
Because asbestos is a family of fibrous hydrated

silicates, each with unique chemicophysical fea-
tures, the relative toxicity of various types of
asbestos has been assessed comparatively in cell
and organ cultures derived from intestinal, liver,
colonic (4), and tracheobronchial epithelium
(2£,10J.l). Cell damage, compared to untreated
controls, is assessed by inhibition of growth or
colony formation (2,4), release of 51Cr (10) or 75Se
(11) from prelabeled cultures, and quantitation of
lysosomal or cytoplasmic enzymes in medium
(12). Although the relative sensitivity of different
cell lines varies, chrysotile is more toxic when
compared at equal concentrations to the amphi-
boles, amosite and crocidolite.
Surface Charge and Cytotoxicity

To elucidate mechanisms of asbestos-induced
cytotoxicity, the chemical and structural composi-
tion of asbestos has been altered experimentally
by leaching and adsorption of macromolecules.
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These changes are thought to occur after inhala-
tion or ingestion of fibers in vivo. For example,
unlike a soluble material of defined chemicalcomposition, asbestos is insoluble and comprised
of a number of extractable elements that are
removed after prolonged periods of time in vivo
(13-15).

After incubation of chrysotile in hydrochloricacid, substantial amounts of cations, including
Mg2* and Ca2*, are released from fibers (4). Ac-
cordingly, the surface charge of fibers, as mea-
sured by the zeta potential, is altered. Experi-
ments by Light and Wei (5,6) have indicated the
important role of surface charge in asbestos-in-
duced toxicity by quantitating hemolysis in red
blood cells (RBC) after adding natural and
leached asbestos.

Under physiological conditions, the surface
charges of chrysotile and crocidolite asbestos are
similar in magnitude, but opposite in polarity
(+ 44.5 mV for chrysotile and - 43.5 mV for cro-
cidolite). Chrysotile causes distortion and hemo-
lysis of RBC, whereas crocidolite is only weaklyhemolytic. After leaching, however, the surface
charge of chrysotile decreases as does its hemo-
lytic activity. In contrast, the hemolytic potential
for crocidolite increases proportionately as it be-
comes more negative in charge. Leaching chryso-
tile in hydrochloric acid also inhibits its cytotoxic-
ity in epithelial cells from liver (4) and trachea
(10) while cytotoxicity of leached crocidolite is
enhanced.
In additional experiments by Light and Wei (6),

dipalmitoyl phosphatidylcholine (DPPC), the
main component of pulmonary surfactant, a sub-
stance secreted by the lung, was incubated with
unleached fibers before their addition to RBC.
Under these circumstances, DPPC decreases the
surface charge of both chrysotile and crocidolite
with a proportional inhibition of hemolysis. Thus,
asbestos fibers appear to adsorb macromoleculesthat can ameliorate their cytotoxicity. These
results are supported by those of Desai and Rich-
ards (16) showing a selective adsorption and re-
tention of serum proteins by chrysotile and cro-
cidolite after incubation in culture medium. The
addition officers to cell cultures in serum, versus
medium containing no serum, also decreases the
growth-inhibitory effects of asbestos (2)(Fig. 1).

Fiber Size and Cytotoxicity
Addition of asbestos to a number of cell types in

culture is associated with release of lysosomal
and cytoplasmic enzymes into the medium
(12,17). In macrophagelike cells, the amount of

cell contact and phagocytosis correlate directly
with a decrease in number of viable cells, whereas
cultures of fibroblasts, a relatively nonphagocyticcell type, are more resistant to asbestos (18). The
dimensions of the fiber also determine how thecell will react. For example, toxicity is reduced
substantially when larger fibers and particles arereduced to a submicron size range (8,3). In gen-eral, shorter, smaller fibers can be phagocytized,
whereas macrofibers cannot be enveloped com-
pletely. Under the latter circumstances, onemight postulate that damage to membranesresults in cell death, and remnants of cellular
debris can be seen in association with fibers that
are phagocytized incompletely (Fig. 2). Recent
data from our laboratory suggest that oxygen-
free radicals are generated when longer fibers are
encompassed by trachea! epithelial cells (11).
Moreover, levels of superoxide dismutase (SOD),an enzyme that converts the superoxide radical
(O2~ to H2O2 and O2, appear to be altered in cellsafter exposure to asbestos. More importantly, cell
damage by longer fibers can be prevented by
addition of scavengers of oxygen-free radicals to
cultures.
Surface Area and Crystallization
The mechanisms of cell lysis by asbestos are

also related to specific surface area (19) and crys-
tallization of the fiber (7). Dimensional character-
istics appear important in determining the
amount of cell contact, whereas the role of struc-
ture is enigmatic. Palekar and colleagues com-
pared the hemolytic and cytotoxic potential of
structurally modified forms of amosite, an amphi-

FIGURE 1. When chrysotile asbestos (5 mj/mL F12 medium,
10% calf serum) is added to monolayer cultures of tracheal
epithelial cells, cytotoxic alterations such as sloughing of
cells, multinucleated cells (arrow), and prominent cyto-
plasmic granules are observed. The adsorption of basic dye
appears as beads on the fiber (arrowhead). Giemsa, x 1035.
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bole asbestos (7). These minerals occurred in vari-
ous developmental stages of crystallization and
included both species with structural and surface

FIGURE 2. Larger fibers (i.e., >10 jun length) are phagocyt-ized incompletely by human bronchial epithelial cells, and
are more cytotoxic than smaller fibers (i.e., <2 urn) in vitro.
Note the cellular debris (D) and cell ghost (G) in associa-
tion with, the fiber. This scanning electron micrograph was
furnished by Craig Woodworth, Department of Pathology,
UVM College of Medicine, x 560.

defects and more "asbestiform" varieties, i.e.,
long, perfect fibers with high tensile strength. All
samples were characterized for surface area,
charge and chemical content. When assayed at
comparable surface areas, hemolytic activity and
cytotoxicity in cell cultures were related directly
to the degree of crystallization. Amosite exhibited
the greatest biological activity, whereas the most
nonasbestiform mineral was inert.
Injury, Promotion andCarcinogenesis

After injury and death of epithelial cells of the
gastrointestinal and respiratory tracts, luminal
cells are sloughed and replaced by basal cells, the
presumed progenitors of carcinoma (Fig. 3). Be-

FIGURE 3. Sequential morphologic changes in organ cultures
of hamster tracheal epithelium after exposure to crocido-
lite asbestos. Tissues are exposed to asbestos for 1 hr before
transfer to asbestos-free medium for extended periods of
time: (A) culture without addition of asbestos at 1 week
after preparation, x 1400; (fl) at 72 hr after addition of
crocidolite (arrows, 4 mg/mL medium), sloughing of superfi-
cial cells (S) occurs, x 1600; (O a hyperplastic lesion is
observed at 1 week after addition of asbestos. Note the
accumulation of refractile crocidolite (arrow) within the
mucosa, x 1400. Hematoxylin and eosm.
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cause malignant transformation of cells occurs
specifically during the DNA synthetic phase ofthe cell cycle (20), asbestos-induced proliferation
of cells might be an intrinsic mechanism of car-cinogenesis. In the next several paragraphs, theconcepts of initiation and promotion in carcino-
genesis will be discussed. Moreover, we will de-
scribe the properties of asbestos that suggest itsrole as a tumor promoter in the development of
gastrointestinal and bronchogenic carcinomas.The experiments in our laboratory have beenperformed using epithelial cells from the respira-
tory tract; however, since these cells are similar
structurally and functionally to mucin cells of the
gut, our results might apply to events occurring
in the gastrointestinal mucosa after ingestion of
asbestos.
Initiation and Promotion
The process of carcinogenesis can be dissected

into sequential stages of initiation and promotion(21). An initiator is defined as an agent interact-
ing directly with the DNA of a cell, whereas a
promoter influences the establishment and deve-loment of a tumor. As discussed by Daniel in
these proceedings (22), the evidence implicatingasbestos as a mutagenic agent in intestinal and
other cell types is weak; thus its role as an initia-
tor of carcinogenesis is questionable. On the other
hand, work from our laboratory shows that the
properties of asbestos in cell and organ cultures of
trachea are similar to classical tumor promoters
such as phorbol esters (23,24). These substances
cause proliferative and biochemical alterations in
cells including: (a) attachment to and entrance
into target cells; (b) stimulation of cellular divi-
sion; (c) inhibition of normal cell differentiation;and (d) increased activity of ornithine decarboxy-
lase (ODC), the rate-limiting enzyme in the biosy-nthesis of polyamines.
Uptake of Asbestos by Mucosal Cells
Fibers penetrate intestinal and respiratory mu-

cosa both in vivo and in vitro (1,25,26) and remainin epithelial cells for extended periods of time
(Fig. 4 and 5). These processes not only allow
continuous cellular exposure to the dust, but alsopermit the access into cells of chemical carcino-
gens adsorbed to the fibers. As an example, or-
ganic material, including carcinogenic polycyclic
aromatic hydrocarbons (PAH), are natural con-
taminants of asbestos (27).
In experimental systems, the association of

PAH with the fiber surface appears to enhance
cellular uptake of the hydrocarbon. Thus, asbes-

FIOURE 4. Human branchial erplant 24 hr after ezpoaure for1 hr to chrysotile asbestos (1 mg/mL medium). Note the
long fibers (arrows) protruding from the epithelial cells.
This scanning electron micrograph was furnished by Craig
Woodworth, Department of Pathology, UVM College ofMedicine, X6120.

FIGURE 5. Transmission electron micrograph of crocidolite
asbestos in a basal epithelial cell of hamster trachea. The
asbestos occurs in membrane-bound (arrow) phagosomes
(P) and phagolysosomes (L). Uranyl acetate and lead cit-
rate, x7500.

tos might be cocarcinogenic by facilitating the
entrance of documented chemical carcinogens
into cells. For example, Lakowicz and colleagues
(20, 29) document by fluorimetry the increased
transfer of PAH to artificial membranes when
chemicals are adsorbed to asbestos. On the other
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hand, dispersions and particles of PAH alone do
not transfer rapidly to membranes.

When 3H-BaP is adsorbed either to crocidolite
or chrysotile asbestos before its addition to cul-
tures of tracheal epithelial cells, approximately
70% of the total BaP introduced enters the cell
within 1 hr., whereas 50% remains intracellular
and unmetabolized at 8 hr. (30). In contrast, if
identical amounts of BaP are added directly to
medium, an influx of only 20% is observed and
cells retain 5% of the initial amount at 8 hr.
Under the former conditions, alkylation of BaP to
DNA is increased for as long as 5 days after
introduction of asbestos adsorbed to BaP. In-
creased uptake, retention, and alkylation of BaP
to DNA are not observed when BaP is added 1 hr.
after the asbestos (31).
Stimulation of Cell Replication by
Asbestos

After exposure to amosite or crocidolite asbes-
tos, tracheal epithelial cells in vitro show in-
creased incorporation of 3H-thymidine, an indica-
tion of DNA synthesis, and basal cell hyperplasia
(32). Although enhanced uptake of 3H-thymidine
and morphologic changes are also observed in
monolayers of cells exposed to either crocidolite of
chrysotile (33), proliferative alterations appear
more transiently in organ cultures exposed to the
latter type of asbestos.

An increase in cell replication could contribute
in several ways to carcinogenesis. First, it would
give an "initiated" cell (i.e., one that is committed
to becoming malignant) a selective advantage
over normal cells. Second, since cells are trans-formed by chemical carcinogens only during DNA
synthesis, a cell preparing for division is more
susceptible to transformation.

Induction of Squamous Metaplasia
by Asbestos
Squamous metaplasia is denned as the replace-

ment of a normal mucin-secreting epithelium by
keratinizing squamous cells. This lesion, al-
though reversible, can be considered preneoplas-
tic. The appearance of squamous metaplasia in
the gastrointestinal or respiratory tract could be
a promoting influence in carcinogenesis by the
following mechanisms. First, mucin secretion by
differentiated epithelial cells is interrupted, thus
removing the protective barrier against asbestosand other carcinogens.
Second, the interaction and uptake of fibers by

squamous epithelium are observed frequently in

vitro (Fig. 6) (34); therefore, increased entrance
into, and retention of asbestos by, squamous epi-
thelium is a possibility. Last, the basal cells of
squamous lesions are actively dividing (32), a
process encouraging their transformation by car-
cinogens in general.
Stimulation of Ornithine
Decarboxylase (ODC) by Asbestos
The magnitude of induction of ODC, the first

and rate-limiting enzyme in the biosynthesis of
polyamines, relates directly to the tumor-promot-
ing capabilities of a number of phorbol com-
pounds in mouse skin (35). When chrysotile or
crocidolite is added to tracheal epithelial cells,
ODC is increased in a dosage-dependent fashion;
however, the magnitude and latency of response
differ from that observed with the phorbol, 12-
tetradecanoylphorbol-13-acetate (TPA) (33). The
increase in enzyme induction occurs concomi-
tantly with a mitogenic response as measured by
uptake of 3H-thymidine.

An increased synthesis of polyamines might be
important in carcinogenesis because it is linked
intrinsically to cell division. For example, critical
cellular levels of polyamines must exist for cell
division to occur.

FIGURE 6. Surface of a hamster tracheal erplant at 4 weeks
after addition of amosite asbestos (4 mg/mL medium). The
superficial cells are becoming squamous <S). Note the fiber
within the cell (arrow) and the fiber (arrowhead) on the
epithelial surface. Scanning electron micrograph, x 2000.
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Summary and Conclusions
Asbestos interacts with mucosal cells of the

gastrointestinal and respiratory tracts, althoughits composition and cytotoxicity are modified by
acidity and coating with natural secretions such
as mucin and surfactant. The biological activityof the fibers is determined by both surface charge,
crystallization, and dimensional characteristics.After damage and death of superficial cells of the
respiratory tract, replacement occurs via activelydividing basal cells. These latter cell types be-
come squamous and exhibit increased synthesisof polyamines.

The role of asbestos in carcinogenesis appears
epigenetic and «*-«" be compared to that of a classi-
cal tumor promoter. A number of experimental
and epidemiologic studies support this observa-
tion. For example, various types of asbestos do not
cause single-strand breakage of DNA (30) and are
not mutagenic in a number of cell types (22).
Moreover, asbestos, unless combined with PAH, is
not carcinogenic in hamster tracheal implants
(36,37) and is only weakly carcinogenic in rats
after repeated intratracheal instillations (23).
Compelling epidemiologic evidence also indi-cates that asbestos acts synergistically with ciga-rette smoke to induce tumors of the respiratory

tract. Persons occupationally exposed to asbestos(smokers and nonsmokers as a group) have aneightfold higher incidence of bronchogenic carci-
noma than the general population. While theincrease (1.5- to 4-fold) in disease among non-smoking asbestos workers is small, smokers have
an 80- to 90-fold greater predisposition (35,39).
Although asbestos acts like a promoting agent

in the airways and lungs, there is little experi-mental evidence documenting this capability in
the gastrointestinal tract. Mechanistic studies to
evaluate the promoterlike activity of asbestos inorgan and cell culture of esophagus, stomach,and/or intestine should be encouraged.
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In Vitro Assessment of Asbestos GenotoxicHy
by F. B. Daniel*

Asbestos fibers are highly cytotoxic to cultured mammalian cells and produce chromo-
somal aberrations in several rodent cell types. There is some uncertainty in the literature
as to whether these fibers are clastogenic to cultured human cells. Asbestos fibers do not
produce either DNA damage or back mutations in prokaryotic assay systems, and they do
not appear to cause DNA strand breaks in either rodent or human cells. The evidence that
these fibers can produce either forward mutation or neoplastic transformation of mam-
malian cells is weak. Asbestos fibers are clearly oncogenic to humans and animaU, but,
except for clastogenic effects in rodent cells, there is little evidence for genotoxicity of
fibers. It is reasonable to expect, therefore, that these materials may be oncogenic by
virtue of mechanisms rather than as tumor initiators.

Exposure to asbestos fibers has been shown to
induce at least two types of carcinogenic response
in the human respiratory system: mesothelioma
of the pleural cavity (1, 2) and bronchial carci-
noma (1, 3). Various forms of asbestos and other
mineral fibers also induce malignant mesenchy-
mal neoplasms in experimental animals (4,5). At
present it is unclear how these materials (often
called solid-state carcinogens) initiate neoplastic
responses in mammalian systems. However, it is
important that our understanding of this phe-
nomenon be improved, since a relatively large
segment of the human population is exposed both
occupationally (1, 6) and otherwise to asbestos
and other mineral fibers. Comprehensive reviews
on the physical, chemical, and biological proper-
ties of asbestos fibers have appeared (7-9).
In recent years considerable progress has been

made in understanding the process of chemical
carcinogenesis. It is now clear that chemicals can
cause or facilitate oncogenesis by more than one
mechanism (10). For example, many organic
chemicals are carcinogenic only subsequent to
their conversion, by cellular enzymes, to electro-
philic species that can then react with cellular
nucleophiles including various sites on the DNA
molecule (11). The modified DNA is thus consid-
ered "damaged," and chemicals that effect such
reactions are generically labeled genotoxins.

•Health Effects Research Laboratory, U.S. Environmental
Protection Agency, 26 West St. Clair St., Cincinnati, OH
45268.

While the type of DNA damage produced by these
agents varies with the chemical properties of the
genotoxin involved, it is widely believed that such
chemical-DNA interactions are (or can be) initi-
ating factors in chemical carcinogenesis. Further,
the concept that tumor initiators are genotoxins
has spawned the rapid development of a large
number of "short-term" tests (many in vitro and,
for the most part, based either directly or indi-
rectly on the assessment of DNA damage), since
lifetime carcinogenicity studies in experimental
animals are both cost and labor intensive. This
paper reviews the evidence that asbestos fibers
are genotoxic as measured by various short-term
test methodologies. For specifics on the various
test procedures discussed, the reader is directed to
several recent monographs (12,13).

While the term asbestos will be used in the
generic sense in this discussion, the reader should
recall that it refers to a large group of fibrous
minerals with varied chemical and physical prop-
erties, both of which can affect the carcinogenic
potential of the material (14—16). Nevertheless,
standard reference fibers of several asbestos types
have been prepared by two scientific agencies, the
Union Internationale Contra Cancer (UICC) and
the National Institute of Environmental Health
Sciences (NIEHS), for the purpose of providing
continuity between scientific investigations con-
ducted in various laboratories throughout the
world. Since both of these fiber preparations have
been thoroughly characterized (17, 18), this re-
view will deal primarily with studies conducted
on them.
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Mossman et al. (19) have shown that asbestos

fibers (UICC crocidolite and UICC chrysotile) do
not produce DNA strand breaks in the alkaline
elution assay when applied to cultured hamster
tracheal cells. Recently, Lechner et al. (20) haveobtained similar negative results with respect to
the induction of DNA strand breakage in human
bronchial organ cultures treated with UICC
chrysotile, amosite, and crocidolite. These fibers
were highly cytotoxic to both cell types (19, 20).
'Finally, a comprehensive study by Hart et al. (21)
on a series of mineral fibers, including the NIEHS
reference fibers, revealed no evidence of DNA
damage in a series of assays including: unsched-
uled DNA synthesis in human fibroblasts, en-
donuclease sensitive sites, single-strand breaks
(alkaline sucrose gradient sedimentation), or dou-
ble-strand breaks (neutral sucrose gradient sedi-
mentation).
Chamberlain and Tarmy (22) tested a number

of mineral fibers (including the UICC reference
standards: Canadian chrysotile B, amosite, an-
thophyllite, and crocidolite, a sample of SFA
chrysotile, a superfine Canadian chrysotile, andtwo samples of fiber glass) for their ability to
produce back mutations in Salmonella typhimu-
rium and DNA damage in Escherichia coli WP2
bacteria. All of the preparations were inactive
(maximum dose: 500 jig/plate) in both systems
even when a rat liver supernate was employed as
the metabolic activation system (22). The lack of
a positive response could be, at least in part,
ascribed to the fact that asbestos fibers are not
taken up by bacterial cells (22). Similar results
with respect to the effect of asbestos fibers on S.
typhimurium were obtained by Light and Wei
(23), who reported the neither UICC Canadian
chrysotile B nor UICC crocidolite (maximum
dose: 500 pig/plate) reverted any of the five most
common tester strains to histidine independence.
Thus it is tentatively concluded that mineral fi-
bers do not produce genotoxic effects in proka-
ryotic systems.
In contrast to bacteria, cultured mammalian

cells such as lung macrophages (24) or Chinese
hamster ovary (CHO) cells (25) readily phagocyt-
ize asbestos and other mineral particles. In addi-
tion, asbestos fibers are extremely cytotoxic to
many types of mammalian cells (14,26).

An initial study by Kaplan et al. (27) indicated
that treatment of cultured rat pleural mesothelial
cells with up to 5 pig/mL of UICC Rhodesian
chrysotile A for periods up to 32 hr did not elevate
the level of sister chromatid exchanges (SCE)
above that of control cells. However, a subsequent
study (28) using CHO cells revealed that UICC

crocidolite and UICC amosite did produce very
slight (but significant) increases in SCE levels in
cells treated for 64 hr at 10 jtg/mL of fiber. The
crocidolite seemed more effective than the amo-site (which was ruled positive solely on the basis
of a statistically significant decrease in number of
cells exhibiting no SCE relative to the untreated
control), and the SCE seemed confined predomi-
nantly to the larger chromosomes (28). A prepara-
tion of UICC chrysotile was too cytotoxic to per-
mit SCE analysis even at the 10 |xg/mL level (28).
In contrast, a study by Price-Jones et al. (29)
using Chinese hamster V79-4 cells showed that
neither UICC crocidolite nor Min-U-Sil silica pro-duced SCE even when applied at levels up to 15
M-g/mL for up to 30 hr. Under this protocol, potas-
sium chromate (500 M-g/mL) was positive as an
inducer of SCE (29). However, the higher doses of
both fibers did cause statistically significant in-
creases in the level of chromosome aberrations
(aneuploids and polyploids) in the V79-4 cells
(29). Taken together, these studies indicate that
the UICC asbestos fibers are either negative or
extremely weak as to their ability to produce SCE
in mAmmflljan cells.

Sincock and Seabright (30) first demonstrated
that both chromatid and chromosomal changes
occurred in CHO cells exposed to SFA Canadian
chrysotile and UICC crocidolite but observed no
aberrations in cells exposed, under an identical
protocol (10 ptg/mL, 48 hr), to preparations of
glass fiber and glass powder. Identical results
were obtained by exposing the cells to the fibers
for 5 days before the cytogenetic analysis (30). If
the fibers were preexposed to complete culture
media (with serum), their clastogenic potentialwas reduced (30). Lavappa et al. (31) reported
that a sample of Rhodesian chrysotile A (probably
UICC) produced chromosomal aberrations (pri-
marily chromatid breaks) in a dose-related man-
ner in a Syrian hamster embryo (SHE) when
applied at 0.1 to 100 M.g/mL for 6 to 96 hr. The
preponderance of chromatid damage led the in-
vestigators to propose that the G2 was the most
sensitive phase of the mitotic cycle to asbestos
fiber clastogenic effects (30). It is noteworthy that
these same fiber preparations, when adminis-
tered in vivo, did not induce either chromosomal
aberrations (monkey, oral administration) or mi-
cronuclei (mouse, intraperitoneal administration)
in bone marrow cells (31). Finally, the induction
of chromosome aberrations following administra-
tion of crocidolite (origin unspecified) to Chinese
hamster lung cells has been observed by Huang et
al. (25). In these studies the cytotoxic properties
of the fibers were associated with their engulf-
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ment by the cells (25). In Chinese hamster lung
cells treated with crocidolite (origin unspecified),
a statistically significant increase in the number
of 6-thioguanine resistant cells (indicating for-
ward mutation at the hypoxanthine-guanine
phosphoribosyl transferase HGPRT locus) was ob-
served at the one dose (8 jxg/mL of fiber) but not at
either lower (5.jig/mL) or higher (100 M-g/rnL)
dosages (25). In a later study, Huang (32) ob-
tained additional evidence that NIEHS chryso-
tile, crocidolite, and amosite were mutagenic to
the HGPRT locus of Chinese hamster lung cells,
but these data must be considered suggestive at
best since the levels of induced mutation were low
and the conclusions strongly dependent on the
methods of statistical analysis employed (32). Ev-
idence for chromosomal changes in cultured ro-
dent cells following administration of asbestos
fibers has been reported in other studies as well
(29, 33). Thus, it seems clear that asbestos fibers
can produce chromosomal aberrations in rodent
cells.

With respect to cultured human cells, however,
the evidence for chromosomal effects is contradic-
tory. Valeric et al. (34) have shown that exposure
of freshly isolated lymphocytes (from normal
adult males and females) undergo chromosomal
changes when treated for 48 and 72 hr with UICC
Rhodesian chrysotile A at 10 jig/mL. Increases in
numerical alterations after 48 hr and in chroma-
tid and chromosome breaks after 48 hr and 72 hr
were statistically significant. At 72 hr, chromatid
breaks were the most frequent change noted and
the number of numerical alterations were lower
than at 48 hr (34). In contrast, a comprehensive
study by Sincock et al. (35) showed that neither
cultured human lymphoblasts nor human fibro-
blasts exhibited chromosomal aberrations when
exposed to either UICC crocidolite, SFA chryso-
tile, or glass fibers (10 jig/mL to 100 fig/mL, 48-
72 hr). In contrast, CHO cells exposed under this
same regime exhibited numerous chromosomal
changes (35), a result in concordance with earlier
studies (30). Both CHO and human cell lines are
inhibited to a similar extent with respect to rate
of growth by these fiber preparations (35).
Sincock (33) has reported that UICC crocidolite

and SFA chrysotile alter the morphology of cul-
tured mouse 3T3 cells in a manner suggestive of
neoplastic transformation; however, quantitative
data were not given. Interestingly a preparation
of "coarse glass" fibers, previously shown to be
inactive as an oncogen in rats, was also ineffec-
tive in morphologically transforming these cells
(33). Likewise, DiPaolo et al. (36) have observed a
very low level of morphologic transformation in

SHE cells by UICC crocidolite, anthophyllite,
amosite, and Canadian chrysotile B. However, it
would be premature to regard these results as
positive, since: (1) the levels of transformants
(foci/plate) induced by the fibers alone were very
low, (2) the resulting transformed cells were not
injected into animals for evaluation of their onco-
genicity, and (3) these asbestos fibers have been
shown to produce clastogenic effects in SHE cells
(31). Thus the very low levels of transformants
observed by treatment of the fiber alone may be
due to the cytogenetic effects.

Thus, while it is clear that asbestos fibers are
clastogenic to cultured rodent cells (25, 29-31,
33), there is contradictory evidence with respect
to human cells (34, 35). Since both the cell type
and fiber type were different in the two human
cell studies in question (34, 35) it is, at present,
not possible to discern the reason for the discrep-
ancy. In one study, asbestos fibers appeared to
produce SCEs in rodent cells (28), although two
other investigations that reach the opposite con-
clusion have been reported (26, 29). Attempts to
demonstrate DNA strand breakage or DNA dam-
age in mammalian cells following asbestos expo-
sure have been negative (19—21). The evidence
that asbestos fibers per se induce either neoplastic
transformation (33,36) or gene mutation (25, 32)
in cultured mammalian cells is weak. Asbestos
fibers do not induce either DNA damage (22) or
back-mutation (22,23) in bacterial cells.

More experimentation may be required before a
definitive statement about the genotoxic poten-
tial of asbestos mineral fibers can be made; e.g.,
while a relationship between chromosome insta-
bility and cancer has been proposed (37), none is
proven. While SCE is a cytogenic event that ap-
pears to consist of a reciprocal interchange of
genetic material between duplicated regions of a
chromosome involving a four-strand DNA break,
its mechanism is unknown (28, 38). Further, the
precise relationship between the induction of
either mutations (3d, 40) or chomosomal aberra-
tions (38) and SCE is not clear.
Thus, it is concluded that while it is possible

that asbestos fibers may act at the stage of tumor
initiation (gene toxicity) via a clastogenic event,
it may be more reasonable to look at other mecha-
nisms as the explanation for the oncogenic poten-
tial of these materials. For example, studies in
our laboratory have shown that NIEHS chryso-
tile, if applied prior to benzo(a)pyrene (BP), in-
creased the level of DNA binding and enhanced
the cytotoxic effects of the hydrocarbon to cul-
tured human fibroblasts (41). Similar enhance-
ment of BP-DNA binding by preincubation of the
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cell cultures with NIEHS "intermediate" chryso-
tile was also observed in SHE cells (42). This
latter observation is of interest, since DiPaolo et
al. (36) have reported a synergism between asbes-
tos fibers and BP with respect to SHE cell trans-
formation. The simultaneous addition of NIEHS
chrysotile and BP to normal human fibroblasts
did not result in either increased BP metabolism
(41, 43, 44), altered BP-metabolite profiles, cyto-
toxicity (41,43), BP-DNA binding levels (43,44),
or in substantially altered BP-deoxyribonu-
cleoside adduct profiles (44). These studies and
others discussed by Mossman (45), may indicate
that asbestos fibers act as the level of a cocarcino-
gen or promoter with respect to their oncogenic
effects.
Thi» article has been peer and administratively reviewed by

the Health Effects Research Laboratory, U.S. Environmental
Protection Agency, and approved for publication. Mention of
trade names or commercial products does not constitute en-
dorsement or recommendation for use.
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Engineering and Operating Approaches forControlling Asbestos Fibers in Drinking Water
by Gary S. Logsdon*

Technique* are available to minimize the concentration of asbestos fibers in drinking ~^fwater. Filtration research conducted at locations on Lake Superior and in the CascadeMountains in Washington has shown that amphibole and chrysotile fibers can be re-moved by granular media filtration. Removal percentages can exceed 99% when the rawwater is coagulated properly and the filtered water turbidity is 0.10 ntu (nephelometricturbidity units) or lower. Filtered water fiber counts below detectable limits of 0.1 to 0.01
x 10* fibers/L can be attained. A study by the Metropolitan Water District of Southern
California showed that when raw water chrysotile counts ranged from 200 x 10* fibers/L
to 2000 x 10< fibers/L, filtered water fiber counts frequently exceeded 1 x 10* fibers/L.Even so, striving to attain a filtered water turbidity of 0.1 ntu resulted in improved fiberremoval.Pilot scale and distribution system research projects have shown that asbestos cement(AC) pipes can be protected from dissolution and leaching effects that can result inrelease of asbestos fibers into drinking water. Suggested techniques include modifying
tow pH, low alkalinity waters so they are not aggressive; coating the pipe wall with achemical precipitate; and applying a cement mortar lining to the pipe walLOperation and maintenance practices related to the distribution system, when ACwater mains are in service, can influence the fiber count in tapwater. Main flushing can
stir up sediment that accumulates in low-flow and dead-end areas, raising the fiber count.
If mains are tapped and the cuttings are not flushed away through the tapping machine,
but are instead permitted to fall into the water main, the fiber count can be raised.

Introduction
The discovery of asbestos fibers in the drinking

water of Duluth, MN, in 1973 caused a high level
of interest in the health implications of ingested
asbestos. While health effects studies were being
planned and carried out, engineering investiga-
tions were also undertaken to develop informa-
tion on effective techniques for removing asbestos
fibers from drinking water. At the same time,
work was started on evaluation of techniques to
control or eliminate the deterioration of asbestos
cement (AC) pipe by aggressive waters.
This paper summarizes results of research ef-

forts related to water filtration and to protection
or rehabilitation of AC pipe that transmits ag-
gressive water. When asbestos fibers are present
in the source water, filtration plants can be de-

•Drinking Water Research Division. Municipal Environ-
mental Research Laboratory, U.S. Environmental Protection
Agency, 26 W. St. Clair St, Cincinnati, OH 45268.

signed and operated to remove most of the fibers.
When AC pipe is used to transmit aggressive
water, formation of a coating on the pipe wall can
decrease the extent of deterioration of the pipe
and the erosion of fibers from the pipe wall into
the water.

Control of Asbestos in Raw Water
Water filtration processes, when operated prop-

erly, have been shown to reduce substantially the
asbestos fiber concentrations in drinking water.
Pilot plant studies in Duluth in 1974 showed that
both granular media filtration and diatomaceous
earth filtration could produce low turbidity
filtered waters with greatly reduced amphibole
fiber concentrations (1). Treatment of raw water
with alum and nonionic polymer was the most
effective technique for granular media filtration.
Diatomaceous earth (DE) filtration techniques
that were most effective involved conditioning the
diatomaceous earth filter aid with alum or a
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polymer or conditioning the raw water with a
polymer. Pressure DE nitration was more effec-
tive than vacuum OE nitration.
Filtration plants on Lake Superior were built

or remodeled at Duluth, Two Harbors, Beaver
Bay, and Silver Bay in Minnesota. The Lakewood
Filtration Plant at Duluth has been studied and
reported upon extensively (2—4). Filtered water
generally contained fewer than 0.10 x 106 fibers/
L and had a turbidity below 0.10 ntu (nephelome-
tric turbidity units). Funds for transmission elec-
tron microscope (TEM) analysis of water samples
from the other treatment plants were considera-1 V more limited, but some data are available on

s_-*cilities at Silver Bay and Two Harbors (5).
These plants use alum as the coagulant and non-
ionic polymer as a coagulant aid or filter aid. Dual
media or mixed media filtration is employed.
Plants at Silver Bay and Two Harbors have been
able to attain amphibole fiber count reductions of
99% and more (5).

Pilot plant studies of granular media filtration
were conducted in the Cascade Mountains in
1977-1978. Extensive research was conducted at
Seattle's South Fork Tolt Reservoir (6, 7). A lim-
ited amount of research on asbestos fiber removal
was also carried out as a part of a pilot plant
study at Everett, Washington (8). Chrysotile fiber
removal exceeding 99% was demonstrated in both
of these projects.

After the Lake Superior and Cascade Mountain
studies were completed, pilot plant and full-scale
•eatment plant operating data were reviewed

•*-and summarized (5). The relationship between
filtered water turbidity and fiber count was
scrutinized in a paper by Logsdon et al. (9), who
concluded that granular media filters should be
operated to produce a turbidity of 0.10 ntu or
lower if fiber removal is a goal of filter operation.
The most important factor involved is properly
conditioning the raw water before filtration so
that a very low effluent turbidity is produced.
Alum and cationic polymers have usually been
used for coagulation. Nonionic polymers often are
used as filter aids. Control of coagulant dose, to
assure thorough and complete particle charge
destabilization, is essential, as is careful control
of process pH. Filter rates from 2 to 10 gal/min/ft2
(5 to 24 m/hr) have removed asbestos fibers, but
abrupt rate changes must be avoided, particu-
larly if floe is not strong and could pass through
the filter as a result of a rate increase. A turbidity
of 0.10 ntu was suggested as an appropriate goal
for filtered water. Asbestos fiber counts are likely
to increase very substantially as filtered water
turbidity rises, so increases in turbidity over 0.10

ntu should be interpreted as a signal for correc-
tive action by filter plant operators. Because tur-
bidity is only an indicator of the presence of
particulates in water, attaining the lowest possi-
ble filtered water turbidity would be the best way
to assure that a filtration plant is operating at
maximum effectiveness.

A more recent report by McGuire et al. (JO)
questioned whether using 0.10 ntu as a surrogate
level for asbestos fibers would be adequate. They
reported that filtered water chrysotile concentra-
tions were frequently in the range of 1 x 106

fibers/L to 50 x 106 fibers/L at three treatment
plants of the Metropolitan Water District of
Southern California (MWDSC), where raw water
fiber counts generally ranged from 200 x 10s to
2000 x 10« fibers/L. This was observed even when
filtered water turbidity in the plant effluent was
near or below 0.10 ntu.
The MWDSC study at the treatment plants was

divided into two recurring intervals of operation.
During standard plant operation, turbidities nor-
mally were in the range of 0.20 ntu to 0.35 ntu. In
the periods of optimized operation, extra treat-
ment chemicals were used to lower the filtered
water turbidity to 0.10 ntu or below as frequently
as possible. Probability plots (20) showed that
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FIGURE 1. Asbestos concentrations in raw and treated water
at Weyroouth Filtration Plant (data from Metropolitan
Water District of Southern California).
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FIGURE 2. Asbestos concentrations in raw and treated water
at Diemer Filtration Plant (data from Metropolitan Water
District of Southern California).
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FIGURE 3. Asbestos concentrations in raw and treated water
at Mills Filtration Plant (data from Metropolitan Water
District of Southern California).

optimized turbidity values were lower, but the
comparison of optimized to standard operationwas somewhat different for each plant. For thethree plants with the highest raw water asbestos
concentrations and no filtered water samples withbelow detectable limit (BDL) values (Weymouth,
Diemer, and Mills plants), log-probability plots offiltered water asbestos counts for standardized
versus optimized operation are shown in Figures
1-3. The trends of the optimized count data are
different for each plant, but for every plant the
median value for the optimized operation is con-
siderably below the median for the standardized
operation. Even though the fiber counts are '
usually below 1 x 10s fibers/L or at BDL valuW
lower fiber counts unquestionably are a result of
the optimized operation.

Two important factors may have led to the
different conclusions about the value of the 0.10
ntu goal in the Great Lakes—Cascade Mountain
studies versus the MWDSC study. First, the con-
centration of fibers in the raw water source in
California was much higher on a continuing ba-
sis. Typical raw water amphibole counts at Du-
luthwerelO x 10«to200 x 10« fibers/L (5), about
one-tenth of the California values. In the Seattle
Tolt Reservoir study, about four-fifths of the rawwater chrysotile counts were in the 2 x 10s to 10
x 10* fibers/L range (6). Attaining nearly com-
plete removal of fibers, as indicated by values
below the detection limit (BDL), was easier when
the raw water fiber count was lower.

A second and important difference is tk
whereas earlier work focused on the turbidity anTf
fiber concentration of individual filters, in the
MWDSC study the treatment plant influent and
effluent waters were sampled. This resulted in
sampling the average water quality of numerous
filters. This distinction is very important because
turbidity and fiber count do not have a linear
relationship. Fiber counts can increase dramati-
cally with modest increases in turbidity. Data
from the Seattle study (6) are shown in Table 1.The effect of a turbidity increase in the fiber count
can be substantial. For example, at a hypothetical
plant with 10 filters producing water with 0.10
ntu and 1.0 x 10* fibers/L, if a turbidity rise in
one filter to 0.30 ntu were accompanied by a fiber
count increase to 30 x 10« fibers/L, the blended
turbidity would average 0.12 ntu, a small in-
crease, but the fiber count would average 3.9 x
10* fibers/L, a large increase. Thus, if all filtered
water is piped into a clearwell and the various
effluents are blended before turbidity is mea-
sured, quality deterioration in a single filter may
be overlooked because of the averaging effect of
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Table 1. Chrysotile count* associated with turbidity

chances in Seattle Tblt Pilot Plant Study.

Run
212121
24
24
24
62
62
62

'20
120
120
120
174 COM
174 CCM
174 CMM

Hour
in run

6
7
86
7

13
3
9

16
12
13
17
21
23
1
1.5
2

Turbidity
(ntu)
0.06
0.34
0.07
0.085
0.36
0.6
0.10
0.105
0.37
0.06
0.07
0.07
0.48
1.2
0.070
0.21
0.068

Chrysotile
fibers

fiben/L*
0.16 (NSS)12.25
0.19
0.34
6.2
0.13
0.34
0.24
2.28
0.1 (NSS)

<0.01 (BDL)
0.02 (NSS)
0.28
1.25
0.02 (NSS)
0.94

<0.01 (BDL)
•NSS = not statistically significant; BDLable limit below detect-

the clearwell. This may have occurred in theMWDSC study.
The differences in raw water quality and. sam-

pling technique certainly must be responsible for
some of the reported differences in results of vari-
ous studies, but other factors probably are in-
volved too. Additional research at treatment
plants with very high raw water fiber counts is
aeeded to fully explain the results obtained at
MWDSC and the apparent shortcomings of the
0.10 ntu quality goal. The Seattle study showed,and the MWDSC indirectly confirmed, that use of
a continuous turbidimeter at each filter is needed
to enable plant operators to closely monitor and
control filtration plant operation.

Control of Asbestos from AC
Pipes
Asbestos cement (AC) pipe has captured a

larger share of the water distribution system
market in recent years. The American City &
County 1981 Water Main Pipe Survey (11) found
that the proportion of AC pipe in place was 13.9%
in 1980, as compared with 10.8% in 1975; for pipe
installed in a single year, it was estimated that
30% of pipe installed in 1974 was AC versus 40%
in 1980. The popularity of AC pipe probably
results in part from its lower cost in smaller
diameters. In sizes up to 12 inches, AC pipe can
cost up to 50% less per foot than ductile iron ( 1 1 ) .

In the early 1970s, concerns about asbestos
fibers in drinking water led to investigations of
the potential for contribution of asbestos fibers
from AC pipes used to carry water. In 1974, a
special report on this problem was published by
the American Water Works Association (12). One
of the projects described in the report was an AC
pipe loop water recirculation study conducted by
Johns-Manville. An EPA project to verify the
results of the earlier pipe loop study was begun in-
1974 (13). When the operation of a pipe loop
containing 4-in. and 6-in. AC pipes proved to be
extremely difficult, a system of 100-gal. recircu-
lating tanks was developed and used by Buelow et
al. (13). AC pipe coupons (1.5 x 6 in.) were
exposed to the test water in these tanks.
During the same time period, evaluations of AC

pipes in field use were conducted at 10 locations
(13). Four systems with soft, low pH water had
deteriorated AC pipe. Problems in one system
included clogged water meters, fiber accumula-
tion at strainers on washing machine hoses at a
laundromat, and fiber buildup in a kitchen faucet
strainer. Thus the field investigations established
that aggressive water can attack AC pipe and
showed the need for studies of ways to prevent the
attack on the pipe or to rehabilitate deteriorated
pipe.

Laboratory and field studies have shown that
the deposition of a coating may protect AC pipe.
Iron coatings were reported by Buelow et al. (13)
to be protective in a water distribution system
and in an experimental pipe loop, but use of iron
might result in complaints from rusty or "red"
water. Deposition of calcium carbonate layers on
AC pipe coupons as well as coating AC pipe cou-
pons with a zinc precipitate was shown to impart
protection to the pipe (13).

A theoretical explanation of the protection of
AC pipe by zinc, iron, and calcium carbonate was
given by Schock and Buelow (14). They concluded
that the Aggressiveness Index (15) is not appro-
priate for predicting fiber release from AC pipe
and deterioration of the inner wall of the pipe
because the index fails to take into account possi-
ble protective constituents such as silica, iron,
manganese, and zinc and because the pipe wall is
primarily calcium silicate rather than calcium
carbonate. They also reported that some coating
mechanisms may prevent the release of fibers but
not seal the cement pipe matrix from dissolution.
In regard to the use of zinc compounds for corro-
sion control, they concluded that the chloride,
sulfate and orthophosphate salts of zinc protected
AC pipe by formation of zinc hydroxycarbonate
precipitate, but that only zinc orthophosphate
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also offered protection for metal pipe in systems
containing both AC pipe and lead service lines or
plumbing (14). AC pipe protection by zinc precipi-
tation is pH dependent. Best results are expected
at pH values above 8.0.Field studies have been performed to evaluate
AC pipe protection on a larger scale. At Green*
wood, SC (16), storage tanks and chemical feedpumps were set up at each of the water treatment
plants, and zinc orthophosphate was fed into thesystem at an average rate of 0.3 mg/L. Two sec-
tions of new AC pipe, which were removable fortesting, were installed to represent a low-flow and
a high-flow water condition. Samples were pe-
riodically tested to determine the number of as-bestos fibers in the water. The two pipe sections
were removed and examined for the amount of
zinc deposited on the surface.
Although routine tests, such as pH and alkalin-ity, showed no significant changes during the

study period, asbestos fibers in the water de-
creased substantially. Electron microscope photo-
graphs and energy-dispersive X-ray spectra anal-
yses showed coatings of zinc products on the two
pipe samples. Thus, adding zinc orthophosphate
under the existing water quality conditions re-
duced or prevented corrosion of AC pipe.

In a project now underway at Bellevue, Wash-ington, corrosion control strategies have been
tested in 100-gal. recirculating tanks, similar to
the systems designed and used by.Buelow. The
tanks at Bellevue are made of polyethylene,
rather than stainless steel, minimizing the
amount of any kind of metal in the system. The
Seattle Water Department, which sells water to
Bellevue, has begun to implement a corrosion
control program for both the Cedar River water
and Tolt River water. Because little or no AC pipe
is used in the City of Seattle water distribution
system, the objective of Seattle's program is to
protect the galvanized pipe and copper pipe in
water consumers' plumbing. A corrosion control
strategy to protect Bellevue's AC pipe might in-
volve attainment of a water quality different from
that of Seattle's or the use of other additivies.
The eight experimental tank tests were started

in April 1981 and have been completed. The con-
ditions for each tank are given in Table 2. The
zinc chloride corrosion control strategies tested in
tanks T5 and T6 were most efficacious in controll-
ing the attack of AC pipe by Tolt water. No
substantial difference was observed between the
pH 8.0, 0.6 mg/L zinc dose tank (T6) and the pH
8.5, 0.3 mg/L zinc dose tank (T5); both appear to
work well. This conclusion is based on water
quality sampling during the testing program, as-

Table 2. Beilevue Pipe Protection Study.
Tank
1
2
3
4
5
6
7
8

Source
Tblt
Cedar
Cedar
Cedar
Cedar
Cedar
Cedar
Cedar

Condition of treatment
No corrosion control
No corrosion control
Seattle strategy; add lime

to pH 8.0Seattle strategy; plus lime
and soda ash, pH 9.0

Seattle strategy; plus zinc chloride.
0.3 mg/L Zn, pH 8.5

Seattle strategy; plus zinc chloride.
0.6 mg/L Zn, pH 8.0

Seattle strategy; plus sodiummetaailicate
Seattle strategy, plus 0.1-0.3 rag/"

Fe (ferric chloride) ^

bestos fiber counts, and evaluation of the AC
coupons exposed to the test waters. Coupon evalu-
ation included hardness tests, weight loss data,
and calcium loss measurements made via scan-
ning electron microscope (SEM). During the next
phase of the study, addition of about 0.6 mg/L of
zinc at pH 8.0 will be evaluated in a portion of
Bellevue's distribution system.
Buelow observed that some AC pipe coupons

used in the recirculating tank studies had soft-
ened when exposed to aggressive water and could
be gouged by a fingernail, whereas new AC pipe
coupons could not be scratched in this manner
(13). The hardness of AC coupons was tested at
Bellevue to learn if the pipe had been attacked by
aggressive water. Two techniques, the Rockwe'"
"L" scale test and the Durometer hardness tesx
have been used. Results were consistent between
the two types of test. Leaching of calcium from
the AC pipe wall can result in softening of the
cement material that bonds the fibers in the pipe.
This work is a part of the search for an inexpen-
sive, uncomplicated test to evaluate the condition
of the inner pipe wall.
Preliminary hardness testing data indicate

reasonable results. Table 3 shows the test data
from the testing laboratory. The differences be-
tween means were significant at the 0.05 level for
both pipe A and pipe B as compared to the new
pipe C. These procedures will continue to be used
during the course of the study.
Discovery of deteriorated AC pipe in one part of

the distribution system of the Town of Weston
Water Utility resulted in application for an award
of a cooperative agreement for in-place rehabili-
tation of AC pipe. In 1980, a water main was
isolated from the distribution system for the re-
search. Parts of the pipeline were treated by Polly
Pigs, bullet-shaped foam swabs forced through
the main by hydraulic pressure. Other sections
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Table 3. Hardness test results for AC coupons (3/25/81).

Pipeexposed to
Tblt water
Average ± standard

Sample
number

A-l
A-2
A-3
A-4

Shore D
hardness

67
65
66
64

65.5 ± 1.29

Rockwell
hardness«L" Scale

7
10
5

14
9.0 ± 3.92deviation

Used pipe,
history
unknown

erage ± standard
-•—'deviation
New pipe

Average = standard
deviation

B-l
B-2
B-3
B-4

68
74
67
73

70.5 ± 3.51

64
60
65
56

61.25 i 4.11

C-lC-2
C-3
C-4

79
81
82
78

80.0 ± 1.83

99
100
98
98

98.7 * 0.96

were cleaned and scraped with metal scrapers
that were pulled through the main by the Centri-
line Department of Raymond International, Inc.
In 1981 the entire main (three blocks) was lined
with cement mortar.
In this project, Bakelite-mounted specimens of

the AC pipe were prepared and studied. The pipe
segment was cut and mounted so that the exposed
orface of the pipe in the mount had, on one side,

inner pipe wall and, on the other side, the
outer pipe wall. This mounting arrangement per-mitted observation of a cross section of the pipe.

The pipe cross section was studied by an X-ray
analysis technique using the scanning electron
microscope. Elemental profiles of calcium and sil-
icon concentrations were produced. In new AC
pipe, the calcium and silicon concentrations are
constant from the pipe inner wall through the
pipe to the outer wall. In used pieces of pipe from
Weston, however, the silicon concentration was
constant, but the calcium concentration was
lower near the inner wall when compared to other
locations deeper within the pipe wall. The depth
of the pipe showing lower calcium concentrations
ranged from 2.1 mm to 6.5 mm. Analysis of AC
pipe cross sections from four other cities showed
calcium losses to depths ranging from 0.8 mm to
3.6 mm. This technique produces a quantitative
measure of pipe deterioration.
Results of analysis for asbestos fibers in water

circulated in the Weston test mains suggest that
although scraping or pigging AC mains can re-

move the softened portion of the pipe wall, such
procedures greatly increase the fiber count of
water transmitted in the pipes. Making firm con-
clusions about the effect of cement mortar lining
as a barrier to passage of asbestos fibers from AC
pipe into drinking water is not possible because of
the poor precision of the asbestos counting proce-
dure when fiber concentrations are low. Never-
theless, a mortar lining would be expected to be a
positive barrier to passage of fibers from the pipe
wall into drinking water.

Support for the efficacy of the mortar lining as
a barrier to asbestos fibers comes from another
mortar lining project. Test sections of vinyl-lined
AC pipes were lined with cement mortar in the
Town of Ashland, Massachusetts, in order to re-
duce or prevent the leaching of 1,1,2,2-tetrachlo-
roethylene (TCE) into drinking water (17). Two
mortar-lined sections of AC pipe were compared
for a 2-month period with two control sections of
vinyl-lined AC pipe. In the test section from
which the vinyl liner was removed before the
mortar lining was applied, TCE concentrations in
the static test water were reduced by 96.2-99.5%
as compared to the controls. TCE reductions rang-
ing from 98.2-99.4% were observed in the test
pipe in which the cement mortar lining had been
placed directly over the vinyl liner. TCE concen-
trations in the mortar-lined pipes ranged from 25
to 1169 ng/L, while concentrations in the control
pipes ranged from 2800 to 74,800 ng/L. Because of
the precision with which TCE can be measured in
water, much greater confidence can be placed in
the Ashland, Massachusetts, TCE data than in
the Weston, WI, asbestos data. The Ashland
results indicate that because a cement mortar
lining can greatly reduce leaching of organic mol-
ecules into water, the lining should be a positive
barrier to the passage of fibers into water from
AC pipe.
Distribution system operation and mainte-

nance procedures can have a substantial impact
on the fiber count of drinking water transmitted
by AC pipe. According to Buelow et al. (13), when
AC pipe under pressure is drilled and tapped, if
the cuttings are not flushed out through the tap-
ping machine, they can drop into the pipe and
cause a major release of fibers. This problem can
be avoided by using tapping machines equipped
with flushing devices.
High water flows in the distribution system can

also cause high fiber counts. High flows caused by
flushing or firefighting can stir up sediment in AC
mains. If this happens in low-flow areas, fiber
counts can rise to 10 or even 100 times the typical
values found when flow conditions are normal. In
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one Wisconsin system (28), flushing an AC water
main for 1 min resulted in a concentration of
about 10 billion fibers/L in a sample from a fire
hydrant. Fiber concentrations in undisturbedhousehold tap samples were about 5-7 million
fibers/L. Main flushing, when it is done, should becarried out for a long enough time to thoroughlyremove debris from water mains. This has been
investigated at Weston, but further study may! beneeded before definitive recommendations can-be
made.

tices will decrease the amount of debris passing tothe taps of water consumers. Attaining these im-
provements would be consistent with good water
works practice.
The research described in this paper haa been peer and

administratively reviewed by the U.S. Environmental Protec-
tion Agency and approved for presentation and publication.
Mention of trade names or commercial products does not
constitute endorsement or recommendation for use.

Summary
Water filtration for asbestos fiber removal hasbeen studied extensively in Duluth, MN, and inother Minnesota communities located on Lake

Superior; in the Cascade Mountains in Washing-
ton; and in southern California. Oiatomaceousearth filters and granular media filters have beenshown to be capable of removing asbestos fibers
from source waters.

Corrosion control techniques and water distri-bution system conditions have been evaluated toshow what approaches might be taken to prevent
the deterioration of AC pipe carrying aggressivewater. Studies have been done at the Drinking
Water Research Division's laboratory in Cincin-nati, in South Carolina, in Washington, and
elsewhere. Each project focused on the effects of
various kinds of coatings that may form on pipe
walls. A Wisconsin study was also conducted to
evaluate what may be the most durable of allcoatings, a cement mortar lining.

Water distribution system research revealed
that utility operating practices can influence as-
bestos fiber concentration in drinking water.
Drilling and tapping can introduce asbestos-con-
taining debris into the distribution system unless
pipe fragments are flushed out under pressure
during the tapping process. After asbestos-con-
taining debris has accumulated in the low-flow ordead-end areas of distribution systems, flushing
such water mains can cause unusually high fiber
counts.
Although the health effects issues are not com-

pletely resolved, EPA has recommended that as-
bestos exposure be minimized when possible (19).
The techniques used to minimize asbestos expo-
sure may also bring about other water quality
improvements. More effective water filtration has
greater potential for removal of viruses, Giardia
cysts, and bacteria as well as fibers. An active
corrosion control effort may help to prevent other
corrosion problems in metal pipes. Better distri-
bution system operation and maintenance prac-
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Asbestos in Drinking Water: A Canadian View
by P. Toft* and M. E Meek*

For several years now, public health professionals have been faced with evaluating thepotential hazards associated with the ingestion of asbestos in food and drinking water. In
Canada, this is a subject of particular concern, because of the widespread occurrence of
chrysotile asbestos in drinking water supplies.
The results of available Canadian monitoring and epidemiologic studies of asbestos in

drinking water are reviewed and discussed in light of other published work. It isconcluded that the risk to health associated with the ingestion of asbestos, at the levels
found in municipal drinking water supplies, U so small that it cannot be detected by
currently available epidemiologic techniques.

Asbestos is a commercially important mineral
in Canada, which is second only to the Soviet
Union in world production. Although the mineral
also occurs in Newfoundland, British Columbia,
Ontario, and the Yukon, mining is concentrated
chiefly in Quebec. Asbestos was first mined in
Canada in 1878, and production today is about
1,500,000 metric tons/yr (1). About 95% of the
asbestos produced in Canada is exported, largely
to the United States and Europe.

The hazards to health that can result from
inhalation of asbestos dust in the occupational
environment have long been recognized, and, as a
result, most countries today have an occupational
standard of 2 nbers/mL or better. However, asbes-
tos is also a ubiquitous environmental contami-
nant because of its extensive industrial use and
the dissemination of fibers from natural sources.
Asbestos has been detected in the air of many of
our cities and in our food and drinking water.
Therefore, for several years we have been faced
with the question of whether the ingestion of
asbestos presents a public health hazard. In this
workshop we have been fortunate to learn about
the results of some very interesting research car-
ried out by U.S. and other scientists in an attempt
to answer this question. I would like to review
some of the Canadian contributions to this field.

The presence of asbestos fibers in drinking wa-

•Monitoring and Criteria Division, Bureau of Chemical
Hazards, Environmental Health Directorate, Department of
National Health and Welfare, Ottawa, Ontario, Canada K1A
012.

ter was first reported in 1971 by Cunningham
and Pontefract in a study conducted at Health
and Welfare Canada (2). In addition to determin-
ing the asbestos content of a variety of alcoholic
beverages, Cunningham and Pontefract analyzed
the drinking water supplies of eight municipali-
ties. Although their methodology could be criti-
cized when compared with today's techniques,
these investigators nevertheless provided the
first information on asbestos concentrations, ;n
public drinking water supplies. ^^

Six years later, in 1977, Wigle (also from
Health and Welfare Canada) studied cancer mor-
tality for the period 1964-73 in 22 municipalities
in Quebec (3). Two of the municipalities, Asbestos
and Thetford Mines, were known to have high
concentrations of asbestos in their drinking water
supplies. In the Cunningham and Pontefract
study, the levels measured were approximately
200 million fibers/L. Asbestos has been mined in
these two communities since 1878 and 1882, re-
spectively, so it can be assumed that the popula-
tion has ingested drinking water containing sub-
stantial concentrations of asbestos for many
years. Other communities were selected as likely
to have high asbestos concentrations in their wa-
ter supplies because either they were located im-
mediately adjacent to asbestos-containing de-
posits or they obtained their drinking water
supplies from rivers that drain the regions of such
deposits. Community water supplies with proba-
ble low concentrations were selected, based on
their location being remote from peridotite de-
posits.
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Cancer mortality data and population datawere obtained from the Health Division of Statis-
tics Canada. Significantly high cancer mortality
for all cancer sites combined was observed for
men in both Asbestos and Thetford Mines (ob-
served = 195, expected = 158.4), but not for
women (observed = 127, expected = 138.2). Mor-
tality due to cancer in all gastrointestinal siteswas not elevated in men or women in these two
high-exposure communities. A slight excess of
mortality from stomach cancer was observed in
men only; similarly, a small excess in mortality
from cancer of the pancreas was observed in
•vomen only. However, substantial excess lung

^_^ jicer mortality was noted among men (observed
= 78, expected = 46.8). Since a large proportion
of the labor force in both Thetford Mines and
Asbestos is employed in asbestos mining and
milling, it seemed likely that the occupational
exposures would account for the excess mortality
among males due to cancers of the stomach and
lungs. The authors therefore concluded that the
study "did not reveal excess cancer mortality that
could be related to the presence of asbestos fibres
in drinking water supplies."
In .1977, a national survey of asbestos concen-

trations in drinking water was conducted in Can-
ada (4). Water samples were taken from 71 loca-
tions across the country, and the water supplies of
more than half of the population were sampled.
Most of the sampling was conducted in large
cities, but the water supplies of small towns in the
ining areas were also examined. Samples of

x_aw, treated, and distributed water were collected
from all locations. This type of sampling scheme
was used to evaluate the impact of the water
treatment and distribution system on fiber con-
centration.

The samples were analyzed for asbestos content
using the U.S. EPA interim procedure. This in-
volved filtration through a Nuclepore filter, which
was then carbon-coated under vacuum. The filter
material was then dissolved away, leaving a car-
bon replica of the filter surface with the particles
embedded in it. To obtain a good representation of
the deposit over the whole area t)f the filter, three
grids were prepared from different parts of each
filter. The fibers present in 10 grid openings se-
lected from all specimen grids were counted on
the transmission electron microscope. By using
this procedure, a precision of ± 30% was obtained
in most cases, the precision of the fiber count
being limited largely by the counting statistics.
Morphology was used as the primary criterion for
identifying fibers as either amphibole or chryso-
tile. Supporting evidence was provided by se-

lected area electron diffraction and energy disper-
sive X-ray analysis.

The survey revealed that amphibole asbestos is
not a significant contaminant of Canadian drink-
ing water supplies. Only 7% of 336 samples
showed detectable levels of amphibole fibers, and
they were generally associated with high chryso-
tile levels.
Chrysotile asbestos was identified as the major

asbestos type present in drinking water. At the
time of the survey, 5% of the population received
water with asbestos concentrations greater than
10 million fibers/L. About 0.6% received water
with more than 100 million fibers/L. The highest
result for a tapwater sample in this survey was
1,800 million fibers/L, which was recorded for
Baie Verte in Newfoundland. In this particular
case, the provincial government initiated
measures to reduce the levels. The authors also
obtained considerable information about the na-
ture of the fibers in these samples. In general, the
median lengths observed were between 0.5 and
0.8 um. There was also an indication in at least
one and perhaps two cities that erosion of asbes-
tos-cement pipe was contributing to the asbestos
content of drinking water.

The relationship betwen the mortality rates for
a variety of diseases and the asbestos levels in the
drinking water of the surveyed communities was
then examined (1). The 71 cities surveyed were
divided into two groups: those with asbestos con-
centrations in drinking water greater than 100
million fibers/L and those with less than 5 million
fibers/L. Those cities with intermediate concen-
trations and those with small populations (less
than 10,000) were excluded from the study. There
were two cities (Sherbrooke and Thetford Mines)
in the relatively high group and 52 cities in the
low group.

The death rates from various causes in these
two groups were compared in the following way.
The localities were defined according to the 1976
census geographic boundaries. All deaths among
usual residents of the localities were retrieved
from the computerized national mortality files.
The population at risk was estimated, using data
from the censuses of 1966, 1971, and 1976, and
adjusted to 1976 geographic boundaries. Person-
years at risk by sex and age during the period
from 1966 to 1976 were calculated for each local-
ity. Age-standarized mortality rates (ASMRs)
were calculated for the age range of 25 to 69. This
range was selected for comparison because the
reliability of the certified cause of death in this
range is greater than that for older persons. The
results showed that the all-cause and all-cancer
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mortality rates for males in Thetford Mines were
significantly higher than those for Sherbrooke orthe 52 comparison localities, but the rates for
females were similar in all three regions. Mortal-
ity rates for nonneoplastic diseases of the respira-tory system were significantly high for males inSherbrooke and Thetford Mines; the rate for fe-
males in Thetford Mines was significantly low.
Particular attention was paid to the incidence

of cancers of the gastrointestinal (GD tract. Theonly high ASMR of statistical significance amongthe GI cancers was that for stomach cancer in
males in Thetford Mines; the mortality rate of
38.7 was more than double the rate in the com-
parison group, which was 16.8. No significant
difference was observed for other GI cancers be-
tween the "high" and "low" groups. The only other
statistically significant result was the high mor-
tality rate for lung cancer among males in Thet-
ford Mines.
The authors concluded that, among males inThetford Mines, the high mortality rates due to

lung cancer and stomach cancer were probablycaused by occupational exposure. Thetford Mines
is one of the oldest asbestos mining communities
in Canada.
In this context, it is particularly interesting to

examine in detail the data for Sherbrooke. For
many years, the source of the drinking water
supply for Sherbrooke has been a lake that is
contaminated by natural serpentine deposits. The
water is not filtered during treatment. In the
1977 survey, the concentration of asbestos in
drinking water samples taken from the distribu-
tion system was found to be 153 million fibers/L.
The population is relatively large (93,000 in
1971), and, most importantly, there is no asbestos
mining acitivity in the immediate region. Age-
adjusted mortality rates for Sherbrooke were,
therefore, compared with those for seven munici-
palities with low asbestos concentrations in their
drinking water supplies. These municipalities
were matched for water source, chlorination sta-
tus, and population size (50,000-100,000). For
both men and women, mortality rates for all GI
cancers combined were, in fact, found to be lower
in Sherbrooke than in comparison cities. Only
minor, statistically insignificant differences were
observed for cancers of specific GI sites and in-
deed, for all other sites.

The Canadian studies thus provide no consist-
ent, convincing evidence of increased cancer risks
attributable to the ingestion of drinking water
contaminated by asbestos, even though the ob-
served asbestos concentrations were relatively
high in several communities.

Although several ecologic epidemiologic stud-ies have been conducted to date, evidence of in-
creased cancer incidence has been associated with
the ingestion of asbestos in drinking water in
only one investigation, i.e., the one conducted in
the San Francisco Bay Area (6*). Although this
study was carefully designed, several factors com-
plicate the interpretation of the results of the San
Francisco Bay study and indeed of ecologic epide-
miologic studies generally. Several of these con-
founding factors have been described in this
workshop. It is reassuring that the association
observed in the California study has not b«*>n
confirmed in the Puget Sound case-control ;
study, which included assessment of exposilrw
and outcomes for individuals rather than popula-
tions.

Based on a review of the toxicologic studies on
ingested asbestos, we believe that there is no
conclusive evidence that ingested asbestos is car-
cinogenic or cocarcinogenic in animal species.
The early studies were inconclusive due to short-
comings in study design. In the more complete
studies conducted more recently, the incidence of
GI tumors in the asbestos-fed animals has not
been significantly greater than that in the control
groups. These results were also confirmed by the
extensive National Toxicology Program study de-
scribed at this workshop. There is also no evi-
dence of a dose-response relationship in any of the
studies.

The absence of definitive evidence of carcinr •
nicity in the epidemiologic and toxicologic stue^*
may be due to Gl-induced changes that reduce the
carcinogenic potential of the fibers. Another pos-
sibility is that the GI mucosa presents an effective
barrier to the penetration of asbestos fibers. Data
concerning the penetration of asbestos fibers into
and through the GI tract are contradictory, and
the interpretation of the results of available stud-
ies is complicated by factors such as the insensi-
tivity of available analytical techniques and the
possibility of contamination during sample prepa-
ration. It seems unlikely, however, that there is
widespread penetration of ingested asbestos fi-
bers into and through the GI tract.

On the basis of the available data, we conclude
that the risk of disease associated with the inges-
tion of asbestos at levels found in drinking water
supplies is probably extremely small.

The work described in this paper was sponsored by the
Department of National Health and Welfare, Ottawa, On-
tario, Canada. The viewpoints expressed do not necessarily
reflect the view of the U.S. Environmental Protection Agency.
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Commentary

Asbestos in Drinking Water: A Status Report
by Joseph A. Cotruvo*

The conference la briefly reviewed in the light of its impact on future regulatorydecision* regarding the possible control of asbestos fiber in drinking water.
The results of animal feeding studies indicate that asbestos fails to demonstrate toxicityin whole-animal lifetime exposures. The epidemiologic evidence of risk from ingestion ofwater containing asbestos fibers is not convincing, and in view of the lack of confirmation

by animal studies, the existence of a risk has not been proven; however occupationalgastrointestinal cancer may indicate ingestion risk.
Whether or not there is a risk from asbestos in drinking water, however, common sense

tells us to deal with an undesirable situation by employing means that are commonly andeconomically available. Well-known methods can minimi™ the presence of asbestos
fibers in finished drinking water. In the case of natural fiber in raw water, standard or
augmented filtration practices are extremely effective. If the source of asbestos fiber isasbestos-cement pipe that is being attacked by corrosive water, then, there is more thansufficient economic reason to correct the corrosivity of the water.

I have been asked to make some observations
about the direction of activities in the United
States and the Environmental Protection Agency
in dealing with asbestos contamination of drink-
ing water. I will also comment on this conference
as it relates to those activities. My discussion will
be confined to "where do we go from here" in the
context of the Safe Drinking Water Act, which
controls decision-making regulatory activities af-
fecting drinking water contaminants.

The debate on asbestos and the human risk
from ingestion of asbestos fibers has been going
on since at least 1971 (1-3). One of the earliest
questions to be asked was, in the light of the clearcarcinogenesis of inhaled asbestos, what is EPA's
regulatory posture related to ingested asbestos
from drinking water? Our response, at that time,
was that we did not feel that there were sufficient
data on which to make a judgment on the risk. We
recommended, however, that where asbestos fi-
bers were found in drinking water, some of themany available means for minimizing fiber con-
centrations should be utilized to avoid unneces-sary exposure.

The issue has ripened considerably since then.
Virtually all of the data, including the results of

•Criteria & Standards Division, Office of Drinking Water,
Environmental Protection Agency, 401 M Street, SW, Wash-ington, DC 20460.

research on epidemiology and animal feeding
studies, transport phenomena, and in vitro stud-
ies, have been summarized in this program. Very
few other issues have had the volume and inten-
sity of study and resultant information that has
been presented here, and there is no question that
the importance of the issue warranted that m»- ̂
attention. Based on all of the information, ans^t
the context of the Safe Drinking Water Act, we
have to answer a few questions. First, is there a
risk associated with the ingestion of asbestos fi-
bers in drinking water? Second, if so, what is the
magnitude of that risk? Finally, if it turns out
that the risk, if any, is of sufficient magnitude,
what kind of judgment should EPA make in aregulatory context?

My understanding of the animal and human,
epidemiology data, based on the discussions of
this meeting, is that there is a substantial ques-
tion as to whether there is a risk at all from small
amounts of asbestos fibers in drinking water. On
the other hand, if there is a risk, the magnitude of
that risk must be quite small at fiber levels typi-
cally found in drinking water or perhaps even at
atypical levels, such as the 100-million-plus fiberper liter concentrations.
There have been several analyses that have

attempted to estimate the upper limit of that risk,
and one of these was performed in 1980 (4). Ex-
trapolations were made from the occupational
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inhalation data to project gastrointestinal intake,
and several fairly tenuous conservative assump-
tions were included in that analysis. One of the
estimates indicated an approximate upper excess
risk of one in 100,000 per lifetime for gastrointes-
tinal cancer at 300,000 fibers/L for 2 L water
ingested per day for 70 years. The available data
indicate that substantial populations are exposed
to this concentration of fibers in drinking water in
the United States and Canada; approximately 5
to 10% of the population in this country may be
consuming asbestos-containing water at that
level. The fundamental question is, though, does
this constitute a significant risk? If it is a real

'sk, then what is the evidence that indicates the
V^xistence of that risk and what is the best quanti-
tative estimate of the risk?

Under the provisions of the Safe Drinking Wa-
ter Act, the choices EPA has are: (a) to regulate
by providing some sort of legal limit: (b) not to
regulate, but to provide guidance (which often is
well received and followed); (c) or to conclude that
there are not sufficient data on which to base
regulations or provide guidance. If EPA were to
regulate, the options would be to establish a nu-
merical limit, called a maximum contaminant
level(MCL) expressed in terms of a fiber count, or
mass, or to require the application of one or more
specific treatment processes known to be capable
of reducing the fiber concentration. Either of
these approaches would establish a ceiling on the
amount of asbestos that could be present in drink-
ing water in a given situation. The decision on
ternative approaches, by law, must be based on

^tne availability and feasibility of analytical
methodology. The previous discussions have indi-
cated that the analytical technology, although
existing in certain sophisticated laboratory set-
tings, is probably not widely available to public
water systems, so perhaps there are other ap-
proaches to be taken if a limit is necessary.

The results of animal feeding studies as pre-
sented, including the National Toxicology Pro-
gram study, indicate essentially that no toxicity
was demonstrated in whole animal lifetime expo-
sures (5,6). In the epidemiology studies, it ap-
peared that in the one ecological study where
there was some apparent correlation between as-
bestos fiber concentration and cancer risk, there
were some confounding factors that had not been,
or could not be, considered in that particular case,
thus rendering the correlations questionable
(7,8). Reanalysis of the data (9) seemed to produce
anomalous results when San Francisco (city) pop-
ulations were differentiated from others. A case-
control study (10), using a smaller sample popula-

tion, in the Pacific Northwest, apparently did not
detect the existence of a measurable risk due to
exposure to asbestos fibers at a level much higher
than that found in the ecological study in the Bay
Area of California. It can be said, then, that the
epidemiologic evidence of risk from ingestion of
water containing asbestos fiber is not convincing,
and that, in view of the lack of confirmation by
animal studies, the existence of a risk has not
been satisfactorily demonstrated. There remains,
however, the vexing question of the gastrointes-
tinal cancer rislc reported from occupational expo-
sure studies (11).
There apparently is some migration of asbestos

fibers in vivo. There also apparently are chemical
transformations that occur in the gastrointes-
tinal tract—transformations that probably do not
occur in the respiratory area. This might explain
apparent differences in the toxicology of asbestos
depending on the route of exposure. The in vitro
mutagenicity studies appear to be for the most
part negative, but there does appear to be some
element of cocarcinogenicity^ of asbestos with
some polycyclic aromatic Hydrocarbons. This situ-
ation is one that might call for additional study.
In order to make a decision on the regulation of

absestos in drinking water, EPA must consider all
of the available information, not only the credi-
bility and magnitude of the risk, but also the
analytical science, the treatment technology and
the cost of control. Within the context of the Safe
Drinking Water Act, the mechanism for making
the decision is operating right now.

An Advance Notice of Proposed Rulemaking
(ANPRM) will appear in the Federal Register.
This ANPRM relates to EPA's total revision of the
existing National Primary-Drinking Water Regu-
lations and the possible inclusion of additional
contaminants in Revised Primary Regulations;
asbestos is one of several candidates to be men-
tioned in the ANPRM. There will then be several
workshops, a public meeting, and other oppor-
tunities to debate the issue. The ultimate decision
goes beyond science and calculations—it becomes
a function of a social judgment in the context of
the Safe Drinking Water Act in terms of the
appropriate decision based upon a weighing of all
of the available information.

The next step in the regulatory development
process is to decide on whether to propose a regu-
lation. That decision will probably be made in
early 1984. In the meantime, in addition to the
proceedings of the workshops, advice will be
available from the Safe Drinking Water Commit-
tee of the National Academy of Sciences which is
now reviewing the matter for the Office of Drink-
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ing Water. While sufficient data on which to base
a decision may not have been available in thepast, it appears that we are now at a point where
there is adequate information along with the
appropriate mechanism for reaching a decision in
a reasonable period of time.The issue of asbestos in drinking water falls
into the same category as most of the environ-mental contamination issues. We^never have theabsolute, unequivocal yes/no answer, but of all'
the issues that we have examined in the past, the
asbestos research has probably produced more
hard data than the others. Therefore, I believe we
will be able to make a good decision based on the
current facts.

Water that is corrosive toward any element in apublic water system is likely to be unacceptable
for both economic and public health reasons.
Apart from the forthcoming regulatory decisionand regardless of whether there is a demon-
strated risk from asbestos in drinking water, com-
mon sense tells us to deal with an undesirable
situation by employing means that are commonly
available, and to do so economically. Well-known
methods are available to minimize the presence of"
asbestos fibers in finished drinking water. In thecase of natural fiber in raw water, standard or
augmented nitration practices are extremely ef-
fective. There are many good reasons why surfacewater should be filtered, and the presence of as-
bestos is just one more *of them. If the source" of
asbestos fiber is asbestos^cement pipe that is be-
ing attacked by corrosive water, then there is
more than sufficient economic reason to correct
the excessive corrosive action of the water on the
pipe.
Additional extensive research is not likely to

shed much more light on the question of the risks
of asbestos in drinking water. It is EPA's responsi-
bility to make a decision using the data that we
now have; it is the water industry's responsibility
to provide drinking water for its customers that is
as safe and wholesome and as free from adulter-
ants as can be economically achieved using filtra-

tion or corrosion control techniques that are read-
ily available.

The research described in this paper has been peer and
administratively reviewed by the U.S. Environmental Protec-
tion Agency and approved for presentation and publication.
Mention of trade names or commercial products does not
constitute endorsement or recommendation for use.
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Commentary

Additional Thoughts on the Review ofEpidemiologic Studies Related to IngestedAsbestos
by Gary M. Marsh*
Following my presentation (1), a number of

very interesting questions were raised. I am
happy to be able to discuss some of these issues in
this commentary. One question dealt with the
fact that the concentration of fibers in Connecti-
cut (2,3) was very low. Could any positive result
really be expected? Since a dose-response rela-
tionship between ingested asbestos and related
cancers has not been established, it is not possible
to characterize any exposure level as insufficient
for increasing cancer incidence or mortality
above background levels. In fact, this basic uncer-
tainty has probably provided much of the moti-
vating force behind the ecological studies that
have been conducted to date. If one subscribes,
however, to the notion of the "existence" of a
positive dose-response relationship between in-
gested asbestos and cancer, then, of course, the
probability of detecting an elevated risk would be
enhanced by studying populations that are ex-
posed to higher levels of waterborne asbestos.

Another question concerned the use of multiple
regression in the Connecticut study: How well did
the data fit the normal assumptions for multiple
regression? The questioner felt that a perfect fit
cannot be expected, and that these kinds of data
are usually fraught with outliers. He also sug-
gested that the variance of observations is also
probably not constant. I have found that it is not
uncommon to be faced with interpreting the
results of a statistical procedure in the absence of
information regarding the adherence of the data
to the assumptions underlying the procedure. The
assumptions noted by the questioner (normality

•Department of Biostatistics, Graduate School of Public
Health, University of Pittsburgh, Pittsburgh, PA 15261.

and equality of variances) are only two of several
fundamental assumptions underlying the valid
use of multiple regression analysis as a tool of
statistical inference. It is likely in the Connecti-
cut study that these other assumptions (e.g., neg-
ligible measurement error associated with inde-
pendent variables and assumption of linearity)
were also not completely satisfied. Fortunately,
many parametric statistical procedures, such as
multiple regression, have been shown by Monte
Carlo studies and other techniques to be fairly
robust (or perform at an adequate level) with
respect to moderate deviations from the underly-
ing assumptions. I suspect that the deviations
from the underlying assumptions associated with
the Connecticut study were not severe enough
have drastically altered the overall conclusion*'
that were reported. The uncertainties regarding
this issue could be obviated, however, if informa-
tion regarding these important assumptions were
provided in conjunction with study results.

One interesting issue that was raised concerns
the fact that in the regression analysis of the San
Francisco studies (4,5), if O/E was zero, the
authors added a constant before taking logs. The
dependent regression variable was then log [(O/E)
+ K\. For the rarer tumors, many tracts would
have O/E = 0 and all of these tracts would have
log [ (O/E) + K] = log K. Could this drastically
affect the regression results?
It should first be pointed out that the transfor-

mation, log [ (O/E) + K], was used by Kanarek et
al. (4) for all values oiOlE and not just when O/E
was zero. The inappropriateness of the log [(O/E)
+ K] transformation was addressed by Tarter in
1981 (6). Tarter notes that this transformation
can be written as: log [(O/E) + K] = log [(O +
EKVE] = log (O + EK) - log (£). Tarter then
reasons that since the argument of log (E) is
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supposed to predict O itself and not (O + EK) it is
better to use the variate log [(0 + K)I(E -I- K)] in
place of log [(O/E) + K]. Tarter also goes on to
show that by choosing a large value for K (specifi-
cally, K = 32) in his form of the transformation
(rather than K = 0.01 as used by Kanarek et al.)
that the overall significance level of the asbestos
in drinking water cancer association is greatly
enhanced.

One question concerned my summary table of
weaknesses and asked whether it was proper in a
table such as this that "uncontrolled confound-
ing" can contribute up to eight "points," while
"ecologic study design" and other items can con-
tribute only one "point"?
I constructed Table 4 with the express purpose

of summarizing the various limitations/weakness
inherent in the 13 reviewed studies. The aggrega-
tion of "points" (which represents the total num-
ber of limitations/weaknesses noted) shown at the
bottom of the table for each study was done for
purely descriptive purposes and in no manner
whatsoever influenced the overall integration of
the research findings. In more statistical terms
the total "points" value was considered as a nomi-
nally scaled variable rather than as an ordinal or
interval scaled measure. Because of this the total
"points" was not used, for example, to rank the
studies from 1 to 13 on the basis of their total
limitations/weaknesses. If an objective compara-
tive analysis such as ranking were attempted it
would be improper, as the questioner noted, to
aggregate "points" without weighting the individ-
ual points according to their relative importance
or impact.

An important question concerned whether it
was really valid to assume that p = 0.05 or 0.10
in my large deviation probability PD calculations?As I had pointed out in my discussion of the site
summary tables, my judgment of association was
subjective. To convert that type of judgment into
exact p values and then to come up with P0 valuessuch as those in Table 5 was, the questioner felt,
to give the informal subjective procedure more
scientific weight than it had.
It is important first to distinguish clearly the

purpose and reasoning behind the large deviation
probability (PD) calculations and the calculations
made to assess the level of interstudy male-fe-
male agreement (<j> coefficients with associated
Fisher-Irwin test). The PD calculations were per-
formed only to more objectively evaluate the ex-
tent to which the number of male and female
findings to date may be due to chance rather than
biologic or other factors. Such an objective assess-
ment is always important in problems involving

simultaneous inference since a certain number of
statistically significant comparisons can always
be expected to occur due to chance factors alone.
As footnoted in the text of my paper, at the 5%
level of significance the probability of falsely
claiming statistical significance in at least one of
n independent comparisons is 1 - 0.95". Thus,
the PD values related only to the extent that theabsolute number of positive findings for males
and females deviate from the expected number
and do not represent the level of agreement be-
tween male and female findings per se. Moreover,
the p values of 0.05 or 0.10 chosen for the PDcalculations are not objective characterizations of
subjective judgments but rather represent only
the theoretical probability of observing, in any
individual study, a positive finding for males or
females due to chance alone, that is, under the
null hypothesis that no real biologic ingested
asbestos-cancer association was present. The 5%
and 10% levels are consistent with the conven-
tional Type I statistical error rates under which
most epidemiologic research is performed. The
resulting PD calculations then represent the over-all probability of jointly observing in n indepen-
dent studies, due to chance factors alone, nl or
more and nit or more positive associations in
males and females, respectively. A PD < 0.05, for
example, implies that there is less than a 5%
chance that the absolute number of observed posi-
tive male and female findings was due solely to
chance factors given a 5% (or 10%) chance of a
false positive finding in any one individual study.
In other words, a small PD value argues againstthe likelihood that a given number of positive
male and positive female findings represents only
chance phenomena. However, as mentioned in my
text, the PD approach did suffer from the limita-
tions of small sample size (n) and the necessity to
assume that the n independent studies provided
qualitatively and quantitatively equivalent infor-
mation toward the integration of findings for any
given cancer site. For these reasons it was recom-
mended and adopted that the results of the P0analysis should not be regarded as conclusive
assessments of risk but rather should serve only
as a rough guide for the direction and emphasis of
future research. In this context, the p values
which were of concern earlier become essentially
arbitrary since it was primarily the relative rela-
tionship of the cancer site-specific PD valuesrather than their absolute magnitude which ulti-
mately generated the recommended priority of
specific etiologic hypotheses to be explored in
future research. The arbitrariness of the undely-
ing p value is evident since this prioritization or
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ranking based on Pa values is completely invari-
ant to the choice of p.

Since the Pa values do not explicitly account forthe overall degree of interstudy male-female
agreement, <j> coefficients and associated Fisher-
Irwin probability levels were computed and inter-
preted in conjunction with the PD values. Assum-
ing that the biologic effects of ingested asbestos
are similar in males and females (i.e., a no in-
teraction model), a good level of agreement in
male-female findings (a <{> coefficient close to un-
ity) also argues against the likelihood that a
given pattern of observed findings represents
only chance phenomena. In this sense, the P0values and 4> coefficients are complementary; that
is, for a given cancer site a low PD value inconjunction with a <j> coefficient close to unity is
more suggestive of a true ingested asbestos-can-
cer association than is a low PD value and a 4>
coefficient close to zero. Unfortunately, because of
very small sample sizes, t|> coefficients for most of
the cancer sites shown in Table 5 could not be
computed.
Finally, I have been asked to comment on the

utility of future ecologic studies on the topic of
ingested asbestos, with or without multiple re-
gression. As noted in the text of my paper, I agree
that while the ability to make a causal inference
from ecologic data often can be enhanced using
more sophisticated analytic techniques, such as
multiple regression, there will always remain an
element of uncertainty until the etiologic hypoth-

eses generated from ecolo^ic studies are tested
more definitively at the individual level rather
tban at the group level.

fhe views and policies presented by the author in this
commentary do not necessarily reflect those of the U.S. Envi-
ronmental Protection Agency. Mention of trade names or
commercial products does not constitute endorsement or rec-
ommendation for use.
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Commentary

Additional Notes on the Case-Control Study inWestern Washington on the Cancer Risk fromAsbestos in Drinking Water
by Lincoln Polissar,** Richard K. Severson** and Edwin S. ^Boatman*
It is important to note that my presentation

was a summary of our work and that a paper with
a fuller description of procedures and detailed
tables and risk estimates will be published in
another journal (1).

One questioner asked what factors determined
"no exposure" and what proportions of the cases
and controls had no exposure? For each place of
residence or work, the following factors could
have led to an absence of exposure to Sultan River
drinking water: (1) the place was located outside
the boundaries of the Sultan River distribution
system; (2) the place was located inside the
boundaries of the Sultan River distribution sys-
tem at a time when the Sultan River was not on
line as a source of water for that area; (3) a subject
worked at a job that, though based in the Sultan
"River area, involved extensive travel away from
the place of employment; and (4) the subject did
not use a community water supply, as water was
obtained from a well, bottle or other sources.
There was no estimated exposure to asbestos in
drinking water in 1% of the cases and 0.6% of the
controls.

The asbestos concentration in the drinking wa-
ter from the Sultan River was specifically mea-
sured. Twenty-two samples were taken from the
distribution system from June 1978 to April 1979.
There was quite a large seasonal variation in
concentration. After correction for seasonal varia-
tion, we found that the concentrations varied only
randomly across the Sultan River area. The aver-
age of all unconnected concentrations was used as

'Fred Hutchinson Cancer Research Center, 1124 Columbia
St., Seattle, WA 98104.

^School of Public Health and Community Medicine, Univer-
sity of Washington, Seattle, WA 98195.

the reference exposure value for work or resi-
dence episodes in the Sultan River area. A similar
procedure was applied to the 73 water samples
-from other water sources outside the Sultan River
area. The methods used for measuring asbestos
concentrations are described in our companion
paper. We also determined fiber length; 86% of
the fibers were less than 1 urn in length.
Concerning the sensitivity of the study, we

were asked why the similarity of estimated expo-
sures of cases and controls did not reduce the
power to detect risks. The similarity of estimated
exposures between cases and controls appears
be a consequence of the low true relative ris*^
involved. A null finding in any epidemiologic
study would manifest itself in the form of similar
exposures between cases and controls. If there are
true, but small differences in exposure, a much
larger study would be needed to detect them.
It is important to consider that the main differ-

ence between our study and an ecologic study is
the manner in which exposures were assigned to
subjects. We obtained a detailed history of the
residence and work location of each subject. We
also asked each subject about typical water in-
take and use of bottled water, wells, and other
water sources. Water company officials supplied
us with a complete history of the Sultan River
and other local water distribution systems. The
result of this is that for any given date in a
subject's history we could determine the level of
exposure to asbestos in drinking water. The expo-
sures were accumulated across each subject's life-
time and were, thus, highly specific per subject. In
an ecologic study, all subjects residing in a spe-
cific area would have been assigned the same
exposure, regardless of residence and work his-
tory and personal consumption habits.
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We would like to respond to questions about
control selection. We randomly chose living, un-
matched general population controls. The sam-
pling frame was developed by using 1970 census
maps with household counts updated from recent
aerial photographs. A more complete description
of the controls and comparison of the quality of
the data from living and deceased subjects will be
available in our companion paper (1). We found
that the accuracy of responses to key questions
was similar between living cases (53% of the
cases .were alive at interview), next of kin of
deceased cases, and controls.

We were asked why certain positive results
were dismissed because of a lack of similar results
for the opposite sex. The questioner asked us to
consider known sex differentials in susceptibility
to cancer, exposure to asbestos, and exposure to
cocarcinogens. The sex-inconsistent risk for stom-
ach and pharyngeal cancer was only one of the
factors that made us conservative in our interpre-
tation. The 95% confidence intervals for the rela-
tive risks for male pharynx and stomach cancers
also approached 1.0. In addition, since many sig-
nificance tests were performed in the study, the
multiple comparisons problem must also be con-
sidered when reviewing results. Based on these
criteria, we feel that the results for male pharyn-
geal and stomach cancers are not strong enough
to suggest a causal relationship between these
cancers and imbibed asbestos. The best course
would be to include these sites in additional stud-
ies that might be carried out.

One questioner suggested that the number of
cases and controls for most of the individual sites
were probably too few and that it was implied in
the presentation that the power was inadequate
for certain sites of importance, such as the stom-
ach and pancreas. The questioner further noted
that by dismissing the apparent significant risks
found for male stomach, male pharynx, and fe-
male pancreas cancers there was the implication
that there was some inherent bias or lack of
ability to control for confounding factors in the
study. We definitely had low power to detect risks
of interest for several of the sites we studied.
Obviously, we cannot say anything firm about the
negative results for these sites. The statistically

significant results for pharynx and stomach can-
cers are not inconsistent with this. Low power to
obtain significant results does not mean that such
results will not occur, since a chance mechanism
is at work. The relative risks for female pancreas
ranged from 1.4 to 1.7, depending on the analysis.
The smallest significance level was 0.07. The rel-
ative risks for male pancreas were less than 1.0.
The bottom line is that we do not know the reason
for the elevated risks for male pharynx and stom-
ach cancers. A case-control study cannot include
every possible risk factor. For most cancer sites
the risk attributable to known factors is a small
fraction of the total risk. Hence, in any study,
unknown and uncontrolled risk factors could give
spurious results due to correlation with a specific
risk factor in question. The problem is inherent in
the investigator's partial knowledge of nature
and not in our study design.
Finally, one questioner asked us to provide a

short, simple description of the statistical proce-
dure used. Our main procedure, logistic regres-
sion, is similar to the multiple regression proce-
dure that is commonly used in many branches of
science. In ordinary multiple regression one is
predicting, for example, weight from height and
other factors. In our logistic regression we are
estimate the probability that a subject is a cancer
case (versus population control) using asbestos-
in-water. exposure and other risk factors. In the
regression procedure a risk factor that is asso-
ciated with cancer would lead to a large estimated
probability that a subject who had that factor was
a case rather than a control. The logistic regres-
sion procedure is highly flexible and can, for ex-
ample, be used in an analysis that is similar to
the Mantel-Haenszel pooled odds ratio.
The views and policies presented by the author in this

commentary do not necessarily reflect those of the U.S. Envi-
ronmental Protection Agency. Mention of trade names or
commercial products does not constitute endorsement or rec-
ommendation for use.
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Commentary

Additional Comments on the Study of theEffect of Population Density on the Results ofthe California Bay Area Study• /• • ' - -
by Paul M. Conforti*

The California Bay Area studies concerning
ingested asbestos and cancer have been the sub-
ject of much discussion. A number of very good
questions were brought up after my presentation
(I) and I would like to address a number of the
points.

One questioner asked whether the interconnec-
tions of the water supply systems were considered
as a factor in my study. I think that the intercon-
nection of water supply systems is an important
point regarding the application of asbestos fiber
counts from water samples to the levels of asbes-
tos in drinking water of census tracts. For census
tracts with more than one source of water,
weighted averages of asbestos fiber counts were
computed. These averages were weighted for
source, treatment process, pressure zone, and/or
"time.

The question, does the method of calculating
population density take into account areas within
the census tracts that were unavailable for resi-
dential purposes, such as bodies of water and
public park lands, is an interesting one. The
method for calculating the areas of census tracts
did not take into account the portions of census
tracts that were unavailable for residential pur-
poses. The boundaries and/or areas of these por-
tions of the census tracts were not accessible.
Ultimately the areas within census tracts that
were unavailable for residential purposes as well
as the areas that were available for residential
purposes but were uninhabited should be identi-
fied and considered in any analysis including
population density.

One questioner asked what the population den-
sity criteria were for aggregating census tracts

'Group in Biostatistics, 140 Earl Warren Hall, University of
California at Berkeley, Berkeley, CA 94720.

into super tracts. How large a difference in popu-
lation density between previously separated
tracts was permitted? Super tracts were formed
.by aggregating 1960 and 1970 census tracts such
that the boundaries of the super tracts were iden-
tical in the two censuses. In many instances, the
1960 and 1970 census tracts were equivalent in
which case no aggregation was necessary. The
most frequent type of aggregation resulted from
the splitting of a 1960 census tract into two or
more 1970 census tracts due to increased popula-
tion over the decade. Although no population
density criteria were used in determining th
super tracts, population changes were reflected
the population densities of corresponding super
tracts.

Another question was whether the socioeco-
nomic and occupation factors included in earlier
studies were also included in these analyses? So-
cioeconomic and occupation variables were in-
cluded in these analyses. Mean years of schooling
and median family income were used as indica-
tors of socioeconomic status. The proportion of
workers in construction, electrical, and textile
industries indicated the numbers of workers who
might have been exposed to asbestos in their
occupations. An indicator of marital status was
also included in the analysis. This variable was
computed as the number of unmarried persons 14
years old and over divided by the total population
14 years old and over.
I was asked to comment on the differences be-

tween my associations between asbestos indica-
tors and cancer and the experience reported from
the much larger exposures to asbestos in indus-
try. Although I have not considered the compari-
sons between our results and those of studies of
exposure to asbestos in industry, it would seem
that since the types of exposure are different



192 P. M. CONFORTI

^u**v .-->e--. '- . • ' . • •3£>*-S«r »:.>---.^-. '•;
•^>^^:.''.-~:','-f.^.^^

:.:' '

(inhalation versus ingestion), comparisons are in-
appropriate. Papers by Marsh and Erdreich (in
these proceedings) review and compare studies of
ingested asbestos. Their papers may respond to
these issues in a more comprehensive way.
I would also like to comment on the differences

between my population density associations and
those reported by Haenszel (2). One of the differ-
ences between the results reported here and the
population density associations with cancer re-
ported by Haenszel et al. (2) is that the present
study area was a single Standard Metropolitan
Statistical Area (SMSA), whereas Haenszel et al.
studied the entire state of Iowa. By definition the
San Francisco-Oakland SMSA is relatively dense
in population. The rural counties and regions of
Iowa in 1950 probably were_much less population
dense than the "rural" census tracts of the 1970
San Francisco-Oakland SMSA. Another differ-
ence between the studies is that the Iowa results
were sex-specific and age-adjusted, whereas the
San Francisco-Oakland SMSA results were sex-
and race-specific, age-adjusted, and adjusted for
socioeconomic status, asbestos-related industries
and marital status. For these reasons, the studies
and their results are not really comparable.
It was brought to my attention that from data

derived from a National Cancer Institute Mono-
graph (3), the age-adjusted death rates for the five
Bay Area counties for six digestive system cancer
sites show the highest rates to be in the county
with the highest population density. This county,
San Francisco County, also had consistently high
asbestos counts. A good question then is how was
my analysis able to separate these two factors?
The regression approach yields estimates of

parameters which reflect the individual contribu-
tions of the independent variables (population
density, asbestos, and covariables) to the depen-
dent variable (standard incidence ratios of can-
cer). Regression separates the influences of the
independent variables on the dependent variable.
The coefficients measure the influence of the inde-
pendent variables when the values of the other
independent variables are held constant. Table 12
of my paper (1) shows the significance of regres-
sion coefficients for asbestos and population den-
sity for cancer sites in which significant positive
associations between asbestos and cancer were
observed. The regression coefficients from which
these data were extracted indicate that in spite of

the fact that population density and asbestos
were high in San Francisco county, asbestos was
found to be significantly associated with cancer.

Because San Francisco County has high cancer
rates, high population density, and high fiber
concentrations, a question asked by several was:
what consideration was given to the possibility
that San Francisco dominated the results and
may have biased the entire study in some way? Of
the 722 census tracts in 1970, 212 were reported
as having 107 or more asbestos fibers per liter of
drinking water. San Francisco County accounted
for 149 of these high fiber concentration census
tracts. The other 63 census tracts, 30% of the total
high fiber concentration census tracts, came from
Alameda and San Mateo Counties. The highest
concentrations of asbestos in drinking water were
found in San Mateo County. Chi-square tests for
linearity were used to evaluate the linearity of
the association between asbestos and cancer for
four census tract groupings of asbestos. These
tests revealed no significant deviation from lin-
earity. A lack of linearity might have indicated
an anomaly in the study area due to some un-
measured variable or variables. However, none of
the tests for white males showed nonlinearity and
only breast, female reproductive, and urinary
cancers for white females indicated a departure
. from linearity for asbestos and cancer. Due to the
linearity of the associations between asbestos and
cancers and since a large proportion of high fiber
concentration census tracts existed outside of San
Francisco County, it was concluded that no area
in the study dominated the results.
The views and policies presented by the author in this

commentary do not necessarily reflect those of the U.S. Envi-
ronmental Protection Agency. Mention of trade names or
commercial products does not constitute endorsement or rec-
ommendation for use.
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Commentary

Answers to Some Questions Raised by thePresentation on the Graphical Analysis of theInterrelationships Between WaterborneAsbestos, Digestive System Cancer andPopulation Density
by Michael E Tarter*

Two interesting questions were raised following
my presentation (I), and I am pleased to have the
opportunity to clarify these issues. The first ques-
tion dealt with the data in Figure 1. The ques-
tioner asked about the interpretation of the axes
as they appeared on the graph. In answer to his
question it is important to note that all graph

' coordinate axes pass through the x and y sample
means of the displayed data. For example, the
mean tract number of the frequency diagram
shown in Figure 1 is 216, while the mean number
of individuals per square mile is 5270. Thus, the
two lines shown in Figure 1 are X * 216 and Y «
5270 (the symbol """ is the usual mathematical
notation for the phrase "is identical to").The program that we use, GRAFSTAT, is de-
signed to perform certain scaling and positioning
operations automatically. Hence, it applies an
initial pass through the data to compute the
range of the (X,Y) observations (from which the
position of the graph's boundaries are calculated).

' Simultaneously, it calculates the pair (X,Y) (from
which the axes are positioned), and the standard
deviation units. For example, the very small
number "2" which appears slightly below the mid-
point on the Y-axis of Figure 1, is 2 y standard
deviation units from the mean point (X,Y).

For normally distributed data, as the sample
size increases one would of course expect that the

•Department of Biomedical and Environmental Health Sci-
ences, University of California at Berkeley, Berkeley, CA
94720.

number x of all measurements which lie between
plus and minus 1.95 standard deviation units of
the mean would approach the value x = 5%. The
fact that the data depicted in Figure 1 extends
more than five standard deviation above, but less
than one standard deviation unit below, the point
(X,Y) suggests a high degree of skewness for the
-population density variate. On the other hand,
the fairly even spread of data on either side of tbr
mean point in the ±X direction suggests a fairl>
uniform distribution of the tract number variate.
In the second question I was asked how I con-

cluded that the data in Figure 23 appeared to be
composed of two population subgroups of the
analysis displayed in Figure 25. The questioner
thought that they appeared to be an artifact
caused by the sparse data in this region and by
the smoothing function employed.
This is a question about smoothing and bifurca-

tion. The method used to smooth the displays
shown in Figure 25 is based on the modifications
of the Doetsch-Fourier transform technique for
spectral decomposition as modified by Tarter and
Silvers (2). As I stated in this paper, "the choice of
X within A of (2.6) will not affect the variances of
any component." Parenthetically, it should be
mentioned that despite the fact that the 27 refer-
ences listed at the back of this paper suggest
considerable interest in the X method, there has
been in the last 8 years no contention to the above
assertion. This assertion implies that one can
separate or smooth distributional components in
one direction with absolutely no effect on the
components in any other direction.
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It should be mentioned that the actual X value

chosen was selected for the purpose of smoothing
as opposed to separating components. One would,
therefore, expect that if it had any spurious effect
(which it does not), the X method would tend to
hide rather than emphasize distributional compo-
nents. As discussed in one of my earlier works (3),
benchmark data confirmation procedures have
been used to create a series of test patterns. When
the X smoothing procedures were applied in con-
junction with these test patterns, no spurious
curve bifurcation was uncovered.

The views and policies presented by the author in this
commentary do not necessarily reflect those of the U.S. Envi-
ronmental Protection Agency. Mention of trade names or

commercial products does not constitute endorsement or rec-
ommendation for use.

REFERENCES
1. Tarter, M., Cooper, R. C., and Freeman, W. R. Agraphical

analysis of the interrelationships among waterborne asbes-
tos, digestive system cancer and population density. Envi-
ron. Health Perspect. 53: 79-90 (1983).

2. Tarter, M., and Silvers, A. Implementation and applica-
tions of bivariate Gaussian mixture decomposition. J. Am.
Statist. Assoc. 70: 47-55 (1975).

3. Tarter, M. Pattern recognition in the context of an asbestos
cancer threshold study. In Computer Science and Statis-
tics: Proceedings of the 13th Symposium on the Interface
(W. F. Eddy, Ed.), Springer-Verlag. New York 1981, pp.
105-110.



Environmental Health Perspectives
Vol. 53, p. 195, 1983

Commentary
Additional Notes on the Use of QuantitativeAnalysis of Urine To Assess Exposure toAsbestos Fibers in Drinking Water in thePuget Sound Region
by Edwin S. Boatman*
I am happy to answer some questions that were

raised following my presentation. I was asked for
the ranges in counts per grid opening of the
control water and urine analyses which appeared
in Table 2. For Everett residents the counts for
the urine samples ranged from no fibers in 20 grid
openings to 2.0 fibers per grid opening (FGO) and
0.15 to 1.5 FGO for the control waters. In Seattle-
Bellevue the counts for urine samples ranged
from no fibers in 20 grid openings to 1.2 FGO and
0.15 to 0.45 FGO for the control waters.

I was also asked why I did not correct the
urine data in Table 2 for the control counts before
comparing long versus short residence time fiber
concentrations in the urine. An inherent problem
with the urine analysis that is distinct from the
control water analysis is that often a residue of
mucus material masks some unknown number of
the asbestos fibers on the surface of the grid.
Secondly, less fibers from the urine tend to give
positive selected area diffraction patterns than do
fibers from the control waters. Thus I did not

think that the control water "background" cour
could be directly subtracted from the urine
sis values. I agree that the control water counts
are a function of the amount of water placed in
the control container, but it should be noted that
the amount of control water filtered was chosen to
be comparable with the volume of urine filtered.
Certainly the optimum methods for taking into
account the "background" contamination in the
analysis of urine for chrysotile remain to be de-
termined. However, I do not think that any other
way of expressing the control water data would
change my conclusion that within the limits of
sensitivity of the present methods we found no
excess of chrysotile asbestos fibers in the urines of
persons ingesting over 100 million fibers/L in
their drinking water.

The views and policies presented by the author in this
commentary do not necessarily reflect those of the U.S. Envi-
ronmental Protection Agency. Mention of trade names or
commencal products does not constitute endorsement or rec-
ommendation for use.

'Department of Environmental Health, University of Wash-
ington, Seattle, WA 98195.
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Accumulation of Ingested Asbestos Fibers inRat Tissues Over Time
by Kusum Patef-Mandlik** and James Millette*

With the UM of the transmission electron microacope, asbestos fibers have been as-sessed in kidney cortex of four groups of rats previously exposed to intermediate-range •"-feeding grade chrysotile asbestos. Newborn rats, from mothers gavaged with asbestosduring pregnancy, were gavaged twice a week at the dose level of 50 mg/kg beginning atage day 7 until their natural death or sacrifice. The rats were divided into four groups by
age: 0-200, 200-400, 400400 and 800-800 days. Of the 20 rats comprising the four testgroups, 17 were positive, average fiber recovery being 5.34 x lOVmg dry weight. Averagefiber level in control tissues was 0.23 x 103/mg dry weight. Fiber recovery in tissues fromcontrol animals was shown to be significantly lower (p < 0.005) than that from test tissues.
Test groups showed highly Bigniflcant differences (p < 0.005) from each other in the fiber
levels. Dose-response relationship was not significant (0.05 < p < 0.1). The length distribu-tion and the alterations in morphology of the recovered fibers are described. This study isconsistent with the passage of chrysotile asbestos across the gastrointestinal walL

Introduction
A relationship between ingested asbestos andcancer incidence in humans was suggested (1-3)

through epidemiological studies. Recovery of fi-
bers in tissues and urine of humans exposed to
asbestos has been reported (4-7). Short-term ani-
mal feeding studies (8-12) have shown that in-
gested fibers penetrate, migrate between, and are
recoverable from gastrointestinal tract, lymph,
distant tissues and urine.

The present study was undertaken to investi-
gate whether penetration, migration and reten-
tion occur in tissues of animals chronically ex-
posed to asbestos. Rats employed in a
carcinogenicity study (National Cancer Institute
Grant 21684, unpublished) were used. Kidney
cortex was selected, since in our past study with
baboons, the highest concentration of fibers was
found in kidney cortex among ten organs under
analysis (12). Selikoff (5) reported excessive kid-

•Environmental Health Sciences, School of Public Health,
University of Illinois at Chicago, P.O. Box 6998, Chicago, IL60680.
'Present address: Indian Institute of Toxicology, 172/74

Hornby Building. D. N. Road, Fort, Bombay, India 400 001.
'Health Effects Research Laboratory, Environmental Pro-

tection Agency, 26 W. SL Clair Street, Cincinnati, OH 45268.

ney cancer among insulation workers, although
numerous asbestos fibers were recovered in liver.
The relationship of fiber concentration in tissue
with the time of exposure was tested in the
present study by using rats gavaged for various
time durations.

Materials and Methods
Sprague-Dawley rats were gavaged with Envi-

ronmental Health Sciences Sample No. 109C
feeding grade intermediate-range chrysotile as-
bestos. The dosage and gavage schedule were as
described earlier (13). Rats dying of natural
causes between ages 0-800 days were grouped
into four groups by age ranges at death: namely,
0-200 days, 200-400 days, 400-600 days and 600-
800 days. Kidney tissues were collected from 20
randomly selected rats, five per age group. Four
control rats, one in each age group, were ran-
domly chosen to represent the level of asbestos incontrol tissues.
Tissue preparation for electron microscopic

analysis was as described earlier (12). A Phillips
300 transmission electron microscope was used
for chrysotile identification and for counting and
sizing the fibers. The number of chrysotile fibers
per grid hole followed a Poisson distribution (14);
50 grid holes were examined per sample, thus
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reducing the probability of a zero count to less
than 5%. The detection limit of our analytical
technique (13) was 88 fibers/rag dry weight if one
fiber was found in 50 grid holes and if L= 1,
where L was the weight of tissue (nag) per grid
surface. Using the same preparative and counting
techniques, blank preparations and tissue pre-
servative were tested for the background level of
fibers.

Characteristic morphology of chrysotile was re-
vealed by some but not all fibers. Hence, fibers
recovered in our tissues were classified as Class
A, B, C, and D fibers according to definitions
based on personal judgment of the morphological
appearance of fibers (13). Blind-coded analysis
was performed on samples from each test cate-
gory on representative grids at the Health Effects
Research Laboratory of the U.S. EnvironmentalProtection Agency, Cincinnati, OH.

Among additional organs, lung and omentum
of a test rat were analyzed.

Results
When the method described was used, no prob-

lem was encountered in grid preparation. Trans-
mission electron microscopic examination was
confidently reliable due to minimal residue or
debris on grids. The average fiber recovery of
Class A + B + C fibers in test samples was 788 or
5.34 x ICP/mg dry weight, whereas that in con-
trol samples was 10 or 0.2 x 103/mg dry weight.
Fibers were at below detection level in blank
grids (prepared to test preparative contamina-
tion) and grids prepared from tissue preservative.

The highest concentration was found in sam-
ples from rats in age range 400-600 days. Tissues
from rats in age range 0-200 days showed the
lowest concentration (Table 1). For statistical
comparisons, square-root transformations of data
were used because the mean and the variance
were proportional. Fiber recovery in test and con-

trol groups were statistically (15) for each of the
four time intervals, and each showed significant
difference at p < 0.005. The individual trans-
formed data were combined to test an overall
difference between test and control which was
found to be significant at p < 0.005.

The dose-response effect was tested by compar-
ing the fiber recovery in test samples from the
four age groups. Group I animals (0-200 days)
represented the lowest dosage of gavaged asbes-
tos and group IV animals (600-800 days) repre-
sented the highest dosage, since, the older the
animal, the higher the cumulative dosage it
would have. The statistical evaluation of trans-
formed data by weighted regression analysis (16)
revealed that when Class A + B fiber counts were
considered, no linear relationship was found at
the 5% level of significance. However, when Class
A + B + C fiber counts were considered, al-
though there was no linear relationship between
the age of animal and number of fibers, a quad-
rate relationship was found between the varia-
bles at p < 0.08.
Bundles and clusters of fibrils were recovered

in all age ranges of rats to form 25.8% of total
fibers. Fiber dimensions were measured; however,
only length data were reported (13). Diameter
was not meaningful, due to swelling or lack of
sharp edges in some degraded fibers. The length
varied from 0.08 to 5.71 nm, where the median
ranged from 0.23 to 0.46 urn among the fibers in
four groups of rats. The frequency of length distri-
bution (Table 2) of Class A and B fibers combined
was unimodal for rat groups I and HI, bimodal for
rat group IV and trimodal for rat group U. The
mean values of four groups showed bimodal dis-
tribution. Fiber lengths and frequency distribu-
tion of fiber Classes A, B, C, and D recovered in
representative samples from test rats in age
groups n, El and IV have been described in tabu-
lar and nomogram forms (13).

One bundle of fibrils was recovered in omen-
tum, and none in lung of one test rat.

lable 1. Fiber counts in the kidney cortex from rats savaged with chrysotile asbestos.

Age group
of rats*
InmIV

Averagekidney
weight,mg

1230
1722
1870
2040

Chrysotile fibera/mg dry weight x 103 in each
class of fibers'"

A + B
1.24 ± 1.1 (BDL)
2.66 ± 1.7 (BDL)
8.00 ± 4.2 (BDL)
3.31 ± 1.2 (BDL)

C
0.33 ± 0.3 (BDL)
2.71 ± 2.0 (0.53)
1.62 ± 0.6 (BDL)
1.47 * 0.9 (0.34)

A + B -t-C
1.57 ± 1.4 (BDL)
5.37 ± 4.0 (0.56)
9.63 ± 4.1 (BDL)
4.78 x 2.0 (0.34)

'Each group consisted of five rats.
'Tiber classes are defined in the text
Tiber counts in kidney cortex of control rats are shown in parentheses; BDL denotes below detection level.
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Table 2. Frequency of length distribution of fibersrecovered in kidney cortex of gavaged rats.

________Fiber distribution, %•________
Length Group Group Group Grouprange, I II in IV
jim rau rats rats rats Mean Cumulative

0-0.5
0.5-0.99
1.0-1.7
1.8-3.1
3.2-5.5
5.6-9.9

84.6
7.7
3.9
3.8
0
0

56.3
22.3

3.0
8.7
9.7
0

79.0
15.8
3.8
1.4
0
0

89.8
7.8
0.60
1.2
0.6

77.4
13.4
2.8
3.5
2.7
0.15

77.4
90.893.697.1
99.8

100.0
•Chrysotile fibers A •+• B sized by transmission electron mis-croscopy.

Discussion
Penetration of ingested asbestos fibers throughgastrointestinal tract and recovery of migrated

fibers in distant tissues have been reported in
animal and human studies (6-13, 17-19). Con-
trary to this, other studies (20—22) indicate that
ingested fibers do not penetrate or migrate. In thepresent study, recovery of chrysotile fibrils, bun-dles, and clusters in kidney cortex of gavaged rats
clearly shows that migration occurs, and it sup-
ports our previous findings of chrysotile asbestosrecovery in kidney cortex of a baboon (12) andhumans (23). Since the clusters contained one ormore bundles, 57 bundles were encountered
within 39 clusters. Bundles formed 29.2%, and
bundles and clusters formed 25.8%, of total recov-ery. Recovery of fibers in 17 out of 20 rats suggestthat some animals may resist fiber penetration
and/or migration. Biological variation was sug-gested by Sebastien et al. (17) in their studies
with rats.

The presence of fibers in test samples was obvi-
ously not artifactual, since the results were based
on up to 250 observations per age group of rats,
and the background contamination from air, re-
agents and preparative procedures was minimal
or below detection level. One gavage study (22)
failed to demonstrate penetration and migration
of ingested fibers due to contamination, resulting
in fiber counts in the controls in the same range
as the counts in test baboon blood and urine.
Moreover, the detection limit of their methodol-
ogy was low due to scanning of only 20 grid holes
per sample and use of only one test animal.

By using square root transformed data on fibers
of Class A + B or Class A + B + C a significant
difference at p < 0.005 was found between the
fiber concentrations in test and control tissues.
Controls were compared with each test group
separately, as well as with the four test groups

combined. Fiber concentrations within the four
age groups showed a statistically significant dif-
ference (p < 0.005).A further aim of this study was to determinewhether there was a relationship between theamount of ingested chrysotile asbestos and con-
centration of fibers retained. There was a rise infiber level in the tissues from group I to group in
rats, followed by a drop in the tissues from groupIV rats (Table 1). Rat group IV received cumula-
tively more fibers than rat groups EH, El or Ibecause the rats in this study were gavaged twiceweekly at the dosage of 50 mg asbestos/kg body
weight until death. No linear relationship w
found. On accepting statistical significance foN-xvalues < 0.1, the quadratic model of regression
analysis revealed a relation (p < 0.08) betweendosage and number of fibers of Class A + B + C
retained in the kidney cortex. The quadratic rela-
tionship could signify time-related biological
causes of low fiber recovery, such as degradationof fibers beyond TEM identity and elimination of
fibers in feces and urine (6,18,19). No relationship
was observed with Class A + B fiber counts.The length of chrysotile asbestos Class A + B
fibers recovered in test tissues showed a skewed
distribution. Shorter fibers outnumbered the
longer fibers. All the fibers were less than 9 |im in
length (Table 2). Most of the recovered fibers were
in the length range of 0.31-0.5 \aa.. It is not
known whether shorter fibers selectively pene-
trate and disseminate or the fibers break into
shorter lengths during the journey from oral <
try into kidney cortex through the blood systetn?
The health significance of such a large number of
retained short-length fibers is not known. Hamil-
ton et al. (24) reported that a sample containing
chrysotile fibers shorter than 0.5 um was ineffec-
tive in coagulation of plasma. There was no par-
ticular pattern of fiber length in relation to theage group or rats (Table 2), except that fewer
fibers recovered in group n tissues were in the
length range of 0-0.5 um than in the other groups
and showed trimodal distribution.
Morphological degradation was used as a crite-

rion to form Classes A, B, C, and D of the recov-
ered fibers. It was not possible within the scope of
this study to use microprobe analysis for more
precision. Degraded fibers have been reported
previously (12,19) in gavage studies. It is sug-
gested that there might be a degradative mecha-
nism associated with the residence time of fibers
in vivo. It is possible that during their passage
and stay within the body system, fibers could be
influenced by the body fluids, temperature, agita-
tion and other factors.
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Assuming that the degradative mechanisms af-

fecting the morphology and diffraction property of
the chrysotile preclude positive identification of
all of the fibers present on the grid surface, the
results expressed in fibers/milligram dry weight
could be considered to be conservative measures
of tissue fiber concentration. Mass concentration
was not computed, since it is often very inaccu-
rate because of the poor counting statistics asso-
ciated with large fibers (bundles, clusters) that
are fewer in number but represent most of the
actual mass. Recovery of bundles and clusters
suggests that, besides single fibrils, other forms
could penetrate and migrate; that fibers accumu-
late in the same area of the tissue; or that the
preparation procedure causes some fibrils toclump together.
Results from analysis of a test rat's lung and

amentum were considered insufficient to derive
information about fiber retention in these organs.

The authors are grateful to Dn. S. S. Epstein and Z. M.
Iqbal of the University of Illinois at Chicago for providing the
rat tissues, and to Dra. Claparols and T. Raju for the gavage,
autopsy and related functions. Thanks are due to Dr. M. K.
Patel for expert assistance in statistical analysis.
This work was supported by U.S. Environmental Protection

Agency Cooperative agreement No. CR 807289-01-0
The views and policies presented by the author in this

commentary do not necessarily reflect those of the U.S. Envi-
ronmental Protection Agency. Mention of trade names or
commercial products does not constitute endorsement or rec-
ommendation for use.
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Summary of Discussion Sessions: Workshopon Ingested Asbestos
by James R. Millette*

At the Workshop on Ingested Asbestos, October
1982, the technical papers were divided into five
topic areas: toxicology, epidemiology, gastrointes-
tial tract penetration, in vitro testing and engi-
neering methods. Following the presentations in
each topic area, a question and answer discussion
period was held. A number of important issueswere raised and statements clarified during thispart of the program. Unfortunately all questions,answers, and comments could not be included in
these Proceedings. This paper will attempt tosummarize the points of general interest. I would
personally like to thank all those at the Workshopwho participated in making the discussion ses-sions constructive, worthwhile exchanges of
ideas.
Following the session on toxicology, a questionwas asked regarding the appropriateness of theanimal models used in the NIEHS (National In-

stitute of Environmental Health Sciences) feed-
ing studies. Specifically the question asked was:
are there inhalation or injection studies thatshow a positive carcinogenic response from asbes-tos in both the F344 rat and Syrian golden ham-ster? Dr. L. Condie (U.S. EPA) responded that theintratracheal placement of asbestos fibers had
been known to produce tumors at a high percent-
age as early as 16 months. Dr. E. McConnell(NIEHS) also responded by stating that tumorsattributed to asbestos fibers had been produced in
both animal models by routes of administration
other than ingestion. He cited the work of Smithwith hamsters and recent work on the effects of
inhalation and intrapleural inoculation of asbes-
tos in rats presented by Wagner at the Meeting on
the Biological Effects of Man-made Mineral Fi-
bres in Copenhagen, April 20-22,1982.

J. Lee (Cincinnati) asked whether it was possi-

"Ibxicology and Microbiology Division, Health Effects Re-
search Laboratory, U.S. Environmental Protection Agency, 28
Weat St. Clair, Cincinnati, OH 45268.

ble that the normal lifespan of the rodents ^
too short to produce significant results. Dr. Mc-Connell answered by saying that it is well ac-
cepted by most people who study geriatric dis-
ease, that the aging phenomena in the ratparallel those in other mammals. While the rat
lives for only two years, it goes through the same
steps of aging that people go through in 70 years.Dr. D. Coffin, U.S. EPA, commented that it
seemed to him that there was no reason to believethat tumors which may have been derived from
the gastrointestinal route of entry in man hadany greater latency period than those which had
been derived from the respiratory tract, the lung
or the pluera. He felt that the rat was sufficiently
long-lived to develop these tumors in the pluera
and the lung and that by analogy, that the rats
probably live long enough to develop a tumor of
such organs as kidney, colon, etc., as might
expected from the GI tract port of entry. Both we
McConnell and Dr. Condie commented furtherthat to reproduce the study with primates would
take about 30 years and require at least $40million. The NIEHS rodent study cost about $4million.
There was some discussion raised by E. Meek

(Department of Health and Welfare, Canada), Dr.
W. Meigs (Yale University) and Dr. M. Tarter
(University of California—Berkeley) on the effect
of the type of diet used in the animal experiments.The animals' diet in the NIEHS study was a
standard animal chow which is low in fat, high in
natural fiber and optimum in nutrients, whereas
humans tend to have a high fat diet. There was
also a question raised by P. Tsai (Region I, U.S.EPA) about the effect of asbestos exposure on
animala with damaged intestinal tracts, as in the
case of an ulcer. Dr. McConnell responded by
acknowledging that whether to use a healthy
animal with an optimum diet or a diet consisting
of junk food similar to the diet of many humans
was a question that had been argued for years. It
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was his opinion that one must use the cleanest
animal and most optimum diet possible to provide
controlled tests that can be compared properly.
He felt that when one is trying to compare the
carcinogenicity of chemical X versus chemical Y,
fairly standard protocols are necessary. Use of a
diet deficient in some nutrient, while perhaps a
valid experiment, would produce results difficult
to interpret and impossible to use in comparisons
with other studies. Dr. Condie pointed out that
several of the studies in the literature used high
fat diets (such as asbestos in butter) and saw no
difference in results from the NIEHS studies.

Mrs. H. Penetrack (Blairsville, PA) asked if the
fibers used in the NIEHS feeding study were
smaller than those that can be released into the
water by deteriorated asbestos-cement pipe. On
the basis of our EPA studies, I was able to respond
that the fibers used in the NIEHS feeding studies
were, in general, much longer than the fibers that
we found in the drinking water systems. If any-
thing, there was a higher percentage of longer
fibers in the feeding studies' materials than
would be found in any drinking water samples.

S. Hayward (California State Health Depart-
ment) asked about the physical characterization
of the fibers used in the NIEHS feeding study. Dr.
McConnell responded that a characterization of
the fibers can be found in a 1980 Bureau of Mines
Report (#8452). Dr. P. Cook (U.S. EPA) cautioned
that it is difficult to know much about the dose
while in the body. While 1% in the diet is a very
large dose, if the majority of fibers are held in
very tight, large clumps, the exposure to individ-
ual fibers may be much lower. Dr. McConnell
remarked that Sebastien had used the same
chrysotile in his studies and showed that the
material was absorbed or penetrated into the
lympatics. It is interesting to note that Sebastian
and his co-workers also looked at the fiber sizes of
the chrysotile materials after dissolving the feed
pellets. They found that the short-range chryso-
tile had an average length of 1.8 |im and that 10%
of the fibers were over 4 urn in length. This
compares well with the data in the Bureau of
Mines Report that shows that the average fiber
length was 2.1 \aa and that the same percentage
(10%) of the fibers was over 4 \un in length.

L. McCabe (U.S. EPA) asked Dr. McConnell
whether he felt the toxicology study had been
done as well as it might have been. Dr. McConnell
responded that he felt that the rat study had been
one of the cleanest studies with which he had ever
been associated. He cited the main flaws in the
study as not recording food consumption or
weight gain data between 3 and 8 weeks of age

and having too high a rate of intestinal neoplasia
with the suspect cocarcinogen. With the hamster
study he felt that a more aggressive sacrifice
policy would have allowed interpretation of some
subtle lesions lost because of early autolysis. One
flaw of the hamster study was that not enough
dimethylhydrazine was used in order to test co-
carcinogenesis.
Following the session on epidemiology, Dr. Cof-

fin commented that, with a mean latency period
of 30 yr. for asbestos disease of the G.I. tract, it
would be a minimum of 20 yr. before an apprecia-
ble effect would be seen. Dr. R. Cooper (Univer-
sity of California—Berkeley) commented that
they were able to establish with some reliability
that the water quality had been basically the
same in most districts of the Bay Area for up to 40
yr. Dr. L. Erdreich (U.S. EPA) showed a table
indicating that Duluth had less than 20 yr. expo-
sure and that the second study in Connecticut had
considered a group exposed for 20-25 yr. Dr. L.
Polissar (Fred Hutchinson Cancer Research Cen-
ter) commented that there was a need to pay
attention not only to how long certain areas had
been getting water but also to how long people
had been staying in that particular area. He
remarked that there are probably places in Eu-
rope where people have been getting their water
from the same source for 400 yr., but there would
be very few people with 400 yr. of exposure. He
felt that most areas of the United States are
highly migratory. When he looked at the number
of people whose actual exposure to the Sultan
River water was over 40 yr., only 25% of the cases
and controls had that amount of exposure. He
considered that that percentage was limiting,
even in a case-control study the size he had with
almost 400 cases. He thought that the case-con-
trol approach could work in other areas if you
could get hundreds, or possibly thousands, of
cases. He was not sure what the requirements for
a cohort study would be but thought that they
might be even more prohibitive.

Dr. Meigs commented that in connection with
the types of cancers which might result from
asbestos ingested through water supplies, one
should consider peritoneal mesothelioma as a pos-
sible indicator. He had studied all reported cases
of mesotheliomas in Connecticut over the past 45
yr., with special emphasis on the period from 1955
to 1977, and found that the predominant form of
mesothelioma was pleural. Only two men over 70
had peritoneal mesothelioma. However, when he
looked at the distribution of mesotheliomas in
men between the ages of 30 and 49, it turned out
that, although there were not very many cases, 7
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of the 20 cases were peritoneal; there were thusmore peritoneal cases in the younger people thanin the older ones. Only a few of the cases had
evidence of occupational asbestos exposure. Whencompared with data on fiber counts in water sup-plies, however, the peritoneal cases, in both menand women, showed no association with asbestosin the water supplies.Dr. J. Cotruvo (U.S. EPA) asked about the
variability of asbestos fiber concentrations in thevarious water supplies over time. Dr. Polissarindicated that the turbidity of the Puget Soundarea supply was higher in the past and that fiber
counts appeared to be proportional to turbidity.
Dr. M. Kanarek (University of Wisconsin) replied
that in the California study some water barrels
had been found in fall-out shelters which were
marked by water source and date collected, sothat some actual water samples were s 20 yr old.He also indicated that the variability in sampling
results caused by a drought during the samplingperiod could not be completely assessed. S. Hay-
ward commented that he had seen a very large
seasonal variation dependent on rainfall and
would expect that the drought did affect the fiber
concentrations. Dr. Cooper agreed that the fiber
counts in the Bay Area water supplies were sea-
sonally affected and suggested that during thedrought, the counts were lower than typical. He
commented that during the wet season, heavy
rains resulting in increased run-off into reser-
voirs and winter winds which turned reservoirs
over caused high fiber counts to occur. He had
seen this in Marin County during nondrought
years, at which time the fiber counts were veryhigh. He felt that his group had not been able to
do repeated fiber counts over extented periods of
time because of high costs per sample and the
human limitations of their microscopist. Dr. Co-truvo commented that he thought that the prob-
lem was not so much the absolute values, but the
relative values among census tracts which were
important. If during the drought, the reservoirs
were putting out lower than typical concentra-
tions, but the contribution from other sources like
asbestos pipe was either lower or higher, then the
correlations could vary. Therefore, he felt it was
not so much the absolutes but the variability of
relative amounts which could affect the studies.
Following the session on the penetration of

asbestos fibers through the gastrointestinal tract,
several researchers, E. Meek, P. Tsai and Dr. W.Hallenbeck (University of Illinois) and Dr. E.
Boatman (University of Washington) commented
on the importance of having low contamination

levels in the studies. Dr. Cook commented that it
is easier to use amphibole fibers for penetration
studies rather than chrysotile because chrysotile
is more of an ambient contaminant. Dr. Cook also
commented that his initial work with human
urine indicating that a fraction of approximately
one fiber in 1000 penetrated did not seem reason-
able, and after having done more work on urine,he concluded that the number would be approxi-
mately one fiber in 10,000. The French workers,Sebastian and Bignon, have reported numbers
such as one fiber in 100,000 penetrating. Dr. Cook
also stated that he wanted to re-emphasize theimportance of the properties of the individ'">l
types of particles on their possible biological̂ ,havior. He concluded that chrysotile was far less
durable than the amphibole fibers and that syn-
thetic fibers, such as fibrous glass, had a 100-fold
lower durability than asbestos fibers.

Based on the points brought up during the
presentation of Dr. K. Seshan (University of Ar-
izona), Dr. Polissar wondered if changes in fiber
properties after exposure to water and stomach
acid could explain the fact that inhaled asbestos
was carcinogenic and the imbibed asbestos did
not appear to be in some of the studies. E. Meek
commented that the University of Sherbrooke
had been doing some in vitro work on the effects of
acid treatment of fibers and their hemolytic po-
tential. They had found that the hemolytic po-
tency seemed to decrease with acid exposure but
she did not think that anyone would be prepared
to say how that correlates with carcinogenicitr
Following the session on in vitro testing, •^*r

McConnell asked for an explanation of what could
be initiating mesothelial cells if asbestos is only a
promoter or cocarcinogen. Dr. B. Mossman (Uni-
versity of Vermont) replied that she thought that
asbestos was a promoter in mesothelioma but also
could serve as an initiator, because there was no
evidence suggesting, for example, a synergistic
effect of smoking on mesothelioma. Therefore,
hydrocarbons do not appear to be initiators in
that case. She emphasized that the agents that
Stanton found to be most carcinogenic were fi-
brous, not particles. Fibers were also agents
(which she found selectively, in comparison to
particulates) that cause cell division. She thought
that an initiating effect could be seen which was a
foreign body or a physical type of carcinogenesis
in mesothelioma, whereas the initiator was a
chemical carcinogen in bronchogenic carcinoma.
Dr. B. Daniel (U.S. EPA) added that if a fiber was
capable of not only initiating a break in the
chromosome, but causing hyperplasia as well, it
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could be acting both ways. He commented further
that the evidence for asbestos acting as a classical
genotoxicant was weak, however.

J. Jackson (Asbestos-Cement Pipe Producers
Association) asked if Dr. Mossman had reviewed
the work done by Dr. Flowers in coating chryso-
tile asbestos and ameliorating the surface charge.
Dr. Mossman replied that she had reviewed a
description of the process that has been suggested
as a way of modifying the biological effects of
asbestos and making it less cytotoxic. She
thought that it was an attempt in the right direc-
tion but did not believe there was any evidence
suggesting that because the treated asbestos fi-
bers are less cytotoxic that they would be less
carcinogenic.

Dr. Daniel commented that a recent publication
by Dr. Mossman showed that the fibers do not
affect the metabolism of benzo(a)pyrene. In other
words, the damage to the DNA adducts, resulting
from the treatment of hamster tracheal cultures
with benzo(a)pyrene and asbestos were identical
to those obtained in the absence of the fiber. Dr.
Daniel had obtained similar results in a collabo-
rative study with Dr. R. Stevens and L. Joseph of
Ohio State University, using cultured human fi-
broblasts. The BP-DNA adducts were essentially
the same. No differences were observed in the
actual metabolites or in the extent of metabolism
of BP by these human fibroblasts in the presence
or absence of the NIEHS short or intermediate
chrysotile. Further, he had also studied metabo-
lism by 7,12-dimethybenz(a)anthracene, which
has exocyclic methyl groups and is thus subject to
yet another form of metabolism, the formation of
hydroxymethyl groups. With all five UICC fibersusing a rat liver microsome system, he found no
difference in the profile of metabolites with re-
spect to methyl or ring oxidation in the presence
of the fiber. He concluded that there was evidence
in the literature that indicated that pretreatment
of cultured cells with fibers can induce drug-
metabolizing enzymes. He did not feel, however,
that there was evidence that pretreatment actu-
ally upsets the outcome of the metabolism.

During the session on the methods of control
and analysis of asbestos in water, J. Long (U.S.
EPA) described the status of analysis of asbestos.
He cited several publications which are or will be
available. The most current EPA method for as-
bestos in water is the "Interim Method for Deter-
mining Asbestos in Water" by C. H. Anderson and
J. M. Long (Publ. No. EPA-600/4-80-005). A new
EPA-sponsored publication entitled "Develop-
ment of Improved Analytical Techniques for De-
termination of Asbestos in Water Samples" by E.
J. Chatfield, M. J. Dillion, and W. R. Stott is
currently under review and expected to be out

this year. A report entitled "A Rapid Screening
Technique for Detection of Asbestos Fibers in
Water Samples" by E. J. Chatfield and P. Riis is
also in the final stages of review. Earlier EPA-
sponsored work on a rapid method was reported
in a 1978 publication entitled "Development of a
Rapid Analytical Method for Determining Asbes-
tos in Water" by C. W. Melton, J. J. Anderson, C.
F. Dye, W. E. Chase, and R. E. Helffelfinger, (Pub.
No. EPA-600/4-78-066).

S. Hayward asked Dr. E. Chatfield (Ontario
Research Foundation) if plaity serpentine miner-
als interferred with asbestos determinations in
his magnetic fiber alignment detector. Dr. Chat-
field replied that one of the features of magnetic
alignment is that the fibers are the only things
which actually line up. Other types of particu-
lates can be split into two different groups—one
which is affected by the field and one which is not.
Those which are not affected by the magnetic field
and remain stable during the magnetic rotation,
increase the general background under the peaks.
Those that do rotate with the field for some rea-
son, produce peaks centered on 45° and 25°.
Therefore, one has to resort to a peak extraction
routine in which the profile is disassembled into
the two component peaks. Dr. Chatfield concluded
that this can be done very readily and the asbes-
tos or the fibrous component of the water sample
can easily distinguished, even if there are 500
other types of particulates present. Dr. Chatfield
estimated that the cost of a magnetic alignment
system for rapid screening of asbestos samples
would be between $30,000 and $50,000.

S. Hayward asked Dr. Logsdon (U.S. EPA) if he
thought that it might be useful to add turbidity to
a water supply so as to improve coagulation in
those cases where there were a large number of
fibers and not a lot of other particulates in the
water. He described some cases in California
where there was high asbestos concentrations in
the water but nothing else. Dr. Logsdon replied
that adding turbidity had been done in one exper-
iment in Duluth by adding some clay, but it did
not seem to be very promising. He commented
further that it was not so much putting it in as it
was telling the water utility operator, "I know
that your water is clear, but it has to be super-
clear when it comes out of your filter. Good is not
good enough, excellent is what you must strive
for. In other words, you should have 0.1 NTU
(turbidity units) instead of just meeting the
drinking water regulation of 1 NTU."

The research described in this paper has been peer and
administratively reviewed by the U.S. Environmental Protec-
tion Agency and approved for presentation and publication.
Mention of trade names or commercial products does not
constitute endorsement or recommendation for use.



Announcement
Second international Symposiumon Nephrotoxlcity

Guildford, England,
August 6-9,1984

The Second International Symposium on Neph-
rotoxicity will be held August 6-9,1984, in Guild-
ford, England, in conjunction with the Ninth
IUPHAR Congress in London. The two majorthemes of the symposium will be: recent advancesin monitoring the early renal functional changesin animals and man following mephrotoxic insult
and the biological basis of chemically induced
site-specific damage to the nephron.These themes will attempt to cover several
important areas relating to: (1) the role of renalcellular heterogeneity (both morphological and
functional) in the primary pathogenesis and sec-
ondary consequences of chemically induced ne-phropathies; (2) improved morphological and bio-
chemical methods for identifying early changes in
the development of chemical related nephrotoxic-
ity; (3) the effects of interactions between two or
more chemicals in the development of toxic ne-
phropathies; and (4) interspeties variability in
the development and course of chemically in-
duced renal damage, with special reference to
extrapolating data to man.

The symposium will be multidisciplinary and
consist of a small number of keynote lectures andas many unsolicited free communications as pos-sible. The abstracts of papers presented at the
symposium and the full proceedings will be pub-
lished.An integral part of the symposium will be aseries of workshops which will concentrate on
those techniques which can be used to study renal
structure and function in health and in disease.
These will take the form of discussions, live dem-
onstrations and/or film-video presentations.

The closing date for registration is May 1,1984.
For further information, contact: Dr. P. H. Bach,Robens Institute of Health and Safety, University •
of Surrey, Guildford, GU2 5XH, Surrey, England.
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Book Chapter
Lohman, A. H. M., and Lammers, A. C. On the structure
and fiber connections of the olfactory centres in mam-
mals. In: Progress in Brain Research: Sensory Mecha-
nisms. Vol. 23 (Y. Zotterman, Ed.), Elsevier, New York,
1967. pp. 65-82.

Book
Harper. R., Smith, E. C. B., and Land, D. B. Odour De-
scription and Classification. American Elsevier. New
York. 1968.

Editor as Author
Doty, R. L.. Ed. Mammalian Olfaction. Reproductive
Processes, and Behavior. Academic Press, New York,
1976, p. 337.

Abbreviate journal names according to Chemical Abstracts
or Biological Abstracts List of Serials IBIOSIS). List all au-
thors; do not use et al. in the bibliography. Include title of jour-
nal article or book chapter and complete pagination. Reference
to papers that have been accepted for publication but have not
yet been published should be cited in the same manner as other
references, with the name of the journal followed by "in press."
"Personal Communication" and "Unpublished Observations"
should not be listed in the bibliography. They are to be in-
serted at appropriate places in the text, in parentheses, with-
out a reference number.

Footnotes: Footnotes should be avoided whenever possible.
However, when they are necessary, please use the following
guidelines: Use unnumbered footnotes to the title page to indi-
cate author affiliations and addresses. Place these footnotes on
the title page. Footnotes in text should be numbered in se-
quence, using superscript numbers. List these numbered foot-
notes on a separate page following references.

Tables: Each table should be on a separate page. Tables
should be numbered with arable numerals. The title should be
centered and only the first word and proper nouns capitalized.
Footnotes to the table should be indicated by lower case super-
script letters, beginning with a for each table. Footnotes should
be typed directly after the table.
Figures: Graphs, chemical structures and figures should be

submitted either as original drawings in black India ink or as
glossy photographic prints. Graphs and other drawn figures
will be reproduced as submitted and will not be redrawn. One
set of original unmounted glossy photographic prints or line
drawings must accompany the submitted manuscript. In addi-
tion, one complete set (copies) of the figures should be attached
to each copy of the manuscript. The style of figures should be
uniform throughout the paper. Letters, numbers and symbols
must be drawn to be at least 1.5 mm high after reduction.
Choose a scale so that each figure may be reduced to two col-
umn width or one column width. Identify all figures on the back
with authors' names and figure number and indicate TOP.

Figure Legends: Figure legends should be typed on a page
separate from the figure. Legends should be numbered with
arable numerals, followed by the title with only the first word
and proper nouns capitalized. Explanatory material should be
in paragraph form below the title.
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Abbrtviations: Abbreviations used in the text should be de-

fined in the text in parentheses when first mentioned. Nomen-
clature and symbols should conform to the recommendations of
the American Chemical Society or the International Union of
Pure and Applied Chemistry (IUPAO.

Galley Proofs, Reprints and Subscrip-
tions

Galley Proof* and Reprint* Galley proofs and reprints will
be mailed to the first author or the author designated on the ti-
tle page. Once the author has received galley proofs, they must

be mailed to the EHP office within 49 hours. Following publica-
tion. 200 free reprints will be mailed to the author.

Subscription Information: Th« three most • recently pub-lished issues and yearly subscriptions are available from the
Superintendent of Document*, Government Printing Office.
Washington. DC 20402. Yearly subscription: $40 in U.S. and$50 outside U.S. Single issue: $8 in US. and $10 outside U.S.
Back issues are available free of charge from the Assistant
Managing Editor. EHP. NffiHS, P.O. Box 12233. Research
Iriangle Park, NC 27709. Refer to 'Published Volumes of
EHP" in the most recent issue to determine which issues are
available free of charge and which issues are available bysubscription.


